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Abstract
Increasing the economic competitiveness of nuclear energy is vital to its future.
Improving the economics of BWRs is the main goal of this work, focusing on designing cores
with higher power density, to reduce the BWR capital cost. Generally, the core power density in
BWRs is limited by the thermal Critical Power of its assemblies, below which heat removal can
be accomplished with low fuel and cladding temperatures. The present study investigates both
increases in the heat transfer area between the fuel and coolant and changes in operating
parameters to achieve higher power levels while meeting the appropriate thermal as well as
materials and neutronic constraints.
A scoping study is conducted under the constraints of using fuel with cylindrical
geometry, traditional materials and enrichments below 5% to enhance its licensability. The
reactor vessel diameter is limited to the largest proposed thus far. The BWR with High power
Density (BWR-HD) is found to have a power level of 5000 MWth, equivalent to 26% uprated
ABWR, resulting into 20% cheaper O&M and Capital costs. This is achieved by utilizing the
same number of assemblies, but with wider 16x1 6 assemblies and 50% shorter active fuel than
that of the ABWR. The fuel rod diameter and pitch are reduced to just over 45% of the ABWR
values. Traditional cruciform form control rods are used, which restricts the assembly span to
less than 1.2 times the current GE 14 design due to limitation on shutdown margin. Thus, it is
possible to increase the power density and specific power by 65%, while maintaining the
nominal ABWR Minimum Critical Power Ratio (MCPR) margin. The optimum core pressure is
the same as the current 7.1 MPa. The core exit quality is increased to 19% from the ABWR
nominal exit quality of 15%. The pin linear heat generation rate is 20% lower, and the core
pressure drop and mass of uranium are 30% lower. The BWR-HD's fuel, modelled with
FRAPCON 3.4, showed similar performance to the ABWR pin design. The fuel cycle is only 12
month long, but on the per kWhr, the new design operates with 14% lower fuel cycle front-end
costs and similar total fuel cycle cost to the 18 month ABWR fuel cycle.
The plant systems outside the vessel are assumed to be the same as the ABWR-1I design,
utilizing a combination of active and passive safety systems. Safety analyses applied a void
reactivity coefficient calculated by SIMULATE-3 for an equilibrium cycle core that showed a
15% less negative coefficient for the BWR-HD compared to the ABWR. The feedwater
temperature was kept the same for the BWR-HD and ABWR which resulted in 4 OK cooler core
inlet temperature for the BWR-HD given that its feedwater makes up a larger fraction of total
core flow. The stability analysis using the STAB and S3K codes showed satisfactory results for
the hot channel, coupled regional out-of-phase and coupled core-wide in-phase modes. A
RELAP5 model of the ABWR system was constructed and applied to six transients for the
BWR-HD and ABWR. The AMCPRs during all the transients were found to be equal or less for
the new design and the core remained covered for both. The lower void coefficient along with
smaller core volume proved to be advantages for the simulated transients.
Helical Cruciform Fuel (HCF) rods were proposed in prior MIT studies to enhance the
fuel surface to volume ratio. In this work, higher fidelity models (e.g. CFD instead of
subchannel methods for the hydraulic behaviour) are used to investigate the resolution needed
for accurate assessment of the HCF design. For neutronics, conserving the fuel area of
cylindrical rods results in a different reactivity level with a lower void coefficient for the HCF
design. In single-phase flow, for which experimental results existed, the friction factor is found
to be sensitive to HCF geometry and cannot be calculated using current empirical models. A
new approach for analysis of flow crisis conditions for HCF rods in the context of Departure
from Nucleate Boiling (DNB) and dryout using the two phase interface tracking method was
proposed and initial results are presented. It is shown that the twist of the HCF rods promotes
detachment of a vapour bubble along the elbows which indicates no possibility for an early
DNB for the HCF rods and in fact a potential for a higher DNB heat flux. Under annular flow
conditions, it was found that the twist suppressed the liquid film thickness on the HCF rods, at
the locations of the highest heat flux, which increases the possibility of reaching early dryout. It
was also shown that modeling the 3D heat and stress distribution in the HCF rods is necessary
for accurate steady state and transient analyses. The safety analysis of the 20% uprated HCF
design in the context of a BWR/4 RPV showed satisfactory AMCHFR performance only if CR is
estimated by the EPRI- 1 correlation.
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Over the remainder of this century, the need for viable clean sources of energy will
become more important, as billions of tons of carbon based fuel is being burned, contributing to
global warming through green house gas emission and depleting valuable resources for chemical
industry. Nuclear power can be one of the options for emission-free large scale electricity
production in the US and other countries. However, in order for nuclear power to be viable, it
has to be competitive with other options. Currently in the US, the existing nuclear fleet
electricity production cost is very competitive with other means of production, such as coal and
natural gas power plants. The main reason for this is that the capital cost of most of the nuclear
plants has been already paid and the operating costs are dominated by the O&M and the fuel
cycle costs. According to many sources including MIT's "The Future of Nuclear Power" study
[Deutch et al., 2009], the capital cost of the nuclear power plants is large and somewhat
uncertain compared to coal and natural gas plants. The higher cost along with the uncertainty
poses a risk for electric utilities in the US and across the world which has to be considered
against the uncertain cost of carbon emissions in the future.
Following the Fukushima disaster caused by the Tsunami in March of 2011, GE-Hitachi
and the Boiling Water Reactor (BWR) technology faced further public scrutiny. The events at
the Fukushima site imposed a severe financial burden on shoulders of Tokyo Electric Power
Company (TEPCO) and the Japanese government, as the Fukushima site and its affected
surrounding land requires large decontamination effort. The Fukushima event also resulted into
criticisms on current BWR technology's overreliance on active safety systems compared to more
recent Pressurized Water Reactors (PWR) such as the AP1000 design and future BWRs, such as
ESBWR. In the US, the Nuclear Regulatory Commission (NRC) has recently given permission
to two existing reactor sites for constructing two AP1000 units in each site. While the PWR
technology has been selected for near term new nuclear power plant construction projects, the
plan for adding two Advanced Boiling Water Reactor (ABWR) types to the South Texas Project
(STP) site has ceased. Internationally, there are still plans to build one ABWR in Lithuania to go
online in 2021. India has also expressed interest in the ESBWR technology. Though, even
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before the Fukushima disaster, the new international additions in the nuclear power sector have
also mainly focused on the PWR technology such as United Arab Emirates and China [NEI,
2012]. Currently, with all but one nuclear power plants in Japan shutdown and no significant
plans to build any new BWR type reactors in the world while the 2 ABWRs are being
constructed in Taiwan, the BWR technology could see a sharp decline in the coming decades.
1.2 Objective
In order to help the BWR technology from not becoming obsolete, a new design that not
only improves on economics and maintains similar levels of safety but is also regulatory-friendly
is required, which is the main goal of this work. Such economic and potential safety gains
improvements are realized in two separate parts of this work by focusing on the core component
of a BWR. The first part examines improving the BWR core by using current available
technology with cylindrical oxide fabricated typical LWR type fuel. The second part examines
potential gains in using an alternative form of fuel geometry, the Helical Cruciform Fuel (HCF)
design, to increase the power density of BWRs.
1.3 Existing B WR Technology
The LWR technology is dominated by PWRs and BWRs. The BWR technology provides
many advantages compared to its alternative PWR technology:
" BWRs are direct cycle reactors as opposed to the indirect cycle that requires 2 separate
coolant loops.
" BWRs operate at lower pressure (70 bars) compared to PWRs (155 bar).
" BWRs reactor fuel generates steam and does not rely on heat exchanger performance.
" BWRs have fewer plant components and small/wet containments.
" BWRs reactivity control is simpler than that of PWRs which use boron in the coolant.
e BWRs have superior load following capabilities than PWRs.
* BWRs also have higher tolerance to transients compared to PWRs due to their lower
power density and pressures and larger RPV volume.
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The BWR fuel has evolved in the world by incrementally going from 7x7 bundles to
10x10 bundles. The average burnup achieved for BWRs has also increased from 30,000
MWD/MTu to 50 GWD/MTu by going from 12 month cycles to 15 or 24 month cycles. The
state of power density of the current BWRs already constructed can be seen in Figure 1-1 as of
2007 [Fennem, 2007]. Figure 1-1 also lists the vessel size for all the existing reactor types. It is
seen that they are very similar to one another.
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Figure 1-1 Status ofBWRs constructed and planned [Fennern, 2007].
As seen in Figure 1-1, the highest uprated power density is about 65 kW/L for all the
BWRs in the world. Therefore, as increasing power density is a goal of this analysis, then this
value should be imposed as the minimum level of power density to be achieved by the new final
design. The Economic Simplified BWR (ESBWR) in Figure 1-1, was one of the designs that
were supposed to be Gen III+ type of reactors, with passive safety systems, as discussed in more
detail in the next section. The most recent design actually built is the ABWR design (certified by
NRC) with 4 units of operation since 1996. The ABWR is the only Gen III advanced plant
proven in operation. The ABWR key design innovation is placement of pumps inside the Reactor
Pressure Vessel (RPV), drastically decreasing the possibility of loss of coolant accidents. This
evolution allows for no uncovery of the core with automatic operation for at least 72 hours. This
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safety feature along with its inert containment, similar to older BWRs, are key safety
improvements missing over the old BWR type reactors. The other innovation with the ABWR
design was switching from Lock-Piston (LP) CRD to Fine Motion (FM) CRDs which allows for
omission of CRD ejection accident from the design basis safety analysis. The evolution of the
BWR vessel and containment structure to ABWR can be seen in Figure 1-2. For almost all
future Hitachi led BWR developments, the RPV and the containment design use the ABWR type
of design.
Dresden 1 KRB
Oyster Creek Dresden 2
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Figure 1-2 BWR RPV and continament evolution to ABWR [Fennern, 2007].
1.4 Future B WR Technology Proposed Designs
There have been many alternative design concepts beyond the existing BWRs that have
attempted to either increase the economic competitiveness of BWRs or use the technology for
different purposes such as producing super heated steam or breeding of nuclear fuel.
1.4.1 ESBWR Hitachi-GE Design
The ESBWR design is a 4500 MWth rated reactor operating with natural circulation.
The core contains 1132 bundles with 269 fine motion ABWR type control blades. The ESBWR
is designed with shortened active fuel length (3.048 m compared to existing BWRs 3.7 m) to
decrease the core pressure drop and with 6 m taller RPV, both of which will enhance natural
circulation [IAEA, 2004]. While the reliance on operational quality of pumps is eliminated, the
ESBWR technology provided GE-Hitachi with many challenges in analysis. There are no
available large size fully operational natural circulation reactors, and the lack of validated
prediction of stability analysis over ESBWR's entire operating flow map contributed to these






in sales up to now. The Compact Containment BWR (CCBWR) is the small reactor version of
ESBWR, designed by Toshiba for electricity market requiring smaller size reactors. The
CCBWR, rated at 400 MWe, has 2.2 m height assemblies operating at 45 kW/L power density
[IAEA, 2004].
1.4.2 RBWRJRMBWR Type Designs
The Resource-Renewable BWR (RBWR by Hitachi) and the Reduced Moderated BWR
(FLWR/RMBWR, by JAERI) are designs that take advantage of BWR technologies positive
feature: the potential to breed and to consume multi-recycled plutonium for a sustainable fuel
cycle. The goal of these reactors is mainly burning and breeding transuranic (TRU) elements,
using ABWR plant technology, as they are rated at the same thermal power level (3926 MWth).
In order to harden the neutron spectrum, the fuel arrays are arranged in tight hexagonal geometry
and the void fraction in the core is much higher than in traditional BWRs. An overview of the
features of these type of reactors are listed in Figure 1-3.
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In order to breed/bum the fuel, these designs have an average exit quality of 45% (instead
of the nominal 15%) with 61% core average void fraction (instead of the traditional 36%). These
reactors operate at 10% higher than ABWR average Linear Heat Generation Rate (LHGR), 16
kW/m, and thus have over three times the ABWR power density, 168 kW/L. They take
advantage of the low coolant mass flux and assumed flat radial power distribution in order to
have adequate Critical Power Ratio (CPR) margins. The RBWR reactors have to be subjected to
complete safety analysis, but have had steady state thermal simulations to gain confidence about
the feasibility of the power density [Takeda et al., 1995]. While Hitachi and JAERI efforts have
slowed down after 2005, they are continuing their design development and the US DOE has
initiated an effort in the methodology of analysis of this type of reactors and possible addition of
Thorium to its fuel cycles.
Similar to the RBWR, Toshiba designed a breeding BWR reactor: BARS (BWR with
Advanced Recycle System). BARS featured tight triangular lattice, however in a square channel
box with active fuel height of 1.6 m [Yamamoto 2004]. There is far less published experiments
and analysis regarding the BARS reactor than for the RBWR/FLWR. A study by Bo Feng at
MIT also investigated the use of nitride fuel in the RBWR geometry to further enhance the
breeding ratio [Feng et al., 2011].
1.4.3 ABWR-II Hitachi-GE Design
The ABWR-II design goals were to achieve higher power, and improve safety and
economics by introducing innovation to the ABWR design. The ABWR-II, rated at 5000 MWth,
is the largest rated LWR reactor design, featuring slightly larger RPV diameter (7.4 m) compared
to ABWR. The ABWR II containment height is slightly higher to accommodate the power
increase [IAEA, 2004]. Also, the ABWR II development began in 1990s to bring the technology
of the next century. The ABWR II features bundle sizes 1.5 times a conventional BWR
assembly (16 x 16) and power density of 60 kW/L. The ABWR II also features a combination of
active and passive safety systems to reduce the core damage frequency and have better severe
accident performance than the current ABWR design. The main innovation of the ABWR II
core is moving from an N-lattice to K-lattice control blade type core configuration as seen in
Figure 1-4. The K-lattice configuration main purpose is to give the ABWR II sufficient Core
Shutdown Margin (CSDM) as having one control blade per four assemblies does not satisfy
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CSDM requirements for large assemblies [Yamada et al., 2004]. The complexity of licensability
of allowing at least two banks of rods to be inserted in the reactor for SDM calculation for the K-
lattice type of core is not clear.
Comentional N-Lattice Design 15 Tims Large K-Laice Design
Figure 1-4 The N-lattice used in existing BWRs vs. the K-lattice design proposed for ABWR-II [Yamada
et al., 1999].
1.4.4 HP-BWR (KTH) Design
The High Pressure BWR (HP-B WR) idea, proposed by KTH, is based on combining
PWR and BWR type technology. While the design seems to be of very preliminary nature, the
HP-BWR features:
" Improved safety by using gravity driven finger type control rods to the top of the core
instead of using traditional BWR control blades from the bottom.
" Increased efficiency by going to higher pressure similar to a PWR (15 MPa).
" Improved economics over a PWR by using the BWRs direct cycle approach.
While there are many questions (e.g. stability and CPR) regarding the HP-BWR design, it does
provide a key innovation by moving the control rods to the top of the core, which will have
positive safety and potential economic implications such as reduction in containment height
[Heki et al., 2006].
1.4.5 Superheated BWRs
One way to increase BWR efficiency is through superheating the steam before it is sent
to the turbine. There have been many proposed designs in the past that give BWRs the ability to
superheat, including one recent design proposed by MIT. In the 1950s and 60s, superheated
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reactors were deemed as the future of nuclear power, as many demonstration plants were built
and operated. However, all those plants were soon decommissioned due to poor materials
performance and economics. Most of the superheat designs involved had the boiling on the core
periphery and the superheating in the center or vice versa, such as the case for Pathfinder or
Boiling Water Reactor Superheat (BONUS). Most of these designs were at smaller power
levels, less than 100 MWe, and lower pressures than a typical BWR and suffered from materials
issues such as stress corrosion cracking. The MIT design, Annular fueled Superheating BWR
(A-SBWR) took advantage of the annular fuel geometry (Figure 1-5a) to pass the water twice
within the core. First, the boiling occurs outside the rods similar to a BWR, then the vapor
passes through the middle of the rods and is superheated to 520 C, which gives an efficiency of
42% for a 500 MWe design. The uniformity of coolant density across the core avoids the
neutronic difficulties in the earlier reactors that divided the core into radial regions of different
water density [Kazimi et al. 2009].
1.4.6 MIT BWR Designs
In the last decades, increasing the power density of BWRs has been of interest at MIT
and was pursued through TEPCO and DOE support. The MIT work so far has focused on
implementing such designs in a fixed US BWR type of RPV. Furthermore, except for the MIT
super heat design, all the previous work kept the core exit quality constant at about 15% and
increased the power to flow ratio proportionally for each design. Four different approaches were
investigated:
" Annular Fuel BWR design: the thermal hydraulic implementation of internally and
externally cooled annular type fuel rods, as seen in Figure 1-5a, to increase the heat
transfer area was analyzed. It was found that the annular fuel configuration has the
ability to uprate a BWR by 20% with the CPR margin being the limiting parameter
[Morra, 2003]. This analysis focused on the thermal hydraulic implementation of the
annular fuel.
" HCF BWR design: The thermal hydraulics design of the HCF rods, as seen in Figure 1-
5b, showed ability to increase a typical GE12 BWR assembly by 20% due to HCF's
increase in surface area and mixing due to its geometry [Conboy, 2010]. Experiments
were carried out to quantify the mixing of the HCF rods as well.
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e LASP BWR design: The Large Assembly Small Pin (LASP) design, as seen in Figure 1-
5c, featured finger type control rods, not the traditional control blades, with a 22x22 pins
in a square lattice at 9.6 mm cladding outer diameter. While the LASP design analysis
was meant for existing BWR uprates, the change in control rod configuration prohibits it
to be used with existing RPVs and its power density of 60 kW/L is already achieved with
the current existing reactors [Karahan, 2006].
* Hydride Fuel Design: This study first looked at what is the highest achievable power
level given the previously mentioned constraints. It was found in absence of neutronic
analysis, that the core power density could be raised to 60 kW/L and the hydride fuel has









Figure 1-5 Annular Fuel Concept (a), HCF Concept (b) and LASP concept (c).
In summary, the MIT works on annular fuel, HCF and hydride fuel in addition to the A-SBWR
design show potential power gains by implementations of those designs to the final core design
proposed in the present work, which will be based on the traditional cylindrical fuel geometry.
1.5 Thesis Scope
This thesis will examine the potential for a higher power density BWR core based on
today's cylindrical fuel technology. A definition of the design space and methods used are
presented in Chapter 2. The design optimization is discussed in Chapter 3. The safety and
stability analysis of the final design are presented in Chapter 4. Finally, the implications of
adopting the HCF design for the adequacy of the methods of analysis are characterized in
Chapter 5. Chapter 6 provides the summary of conclusions and the recommended future work
for both designs.
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Chapter 2 Methodology and Tools
This chapter describes in detail the methodology and models to be used for the analysis
needed in this work. While the models and methodology are nothing new to the field of
engineering, the level of breadth and number of models described are rarely presented in similar
conceptual studies. The other unique aspect to this methodology is the incorporating the
licensability of the design as a main design parameter. The licensability is defined as the ability
of the design to be able to be economically manufactured and easily meet current NRC licensing
criterion for BWRs without large capital investments. This approach is almost never taken in
any academic study of reactor design due to the lack of complete information from the nuclear
vendors to perform the proper analysis. Due to the complexity of BWR reactor design, all
previous studies were limited, as they relied on many fixed parameters in the typical BWR such
as fixing the outlet quality or bundle length of the reference design.
GE-Hitachi, the BWR technology vendor, has actually performed a wide range of analysis
for operating cores and their final designs have always been used as a "backfit" to a new
technology proposed by previous studies. The main goal of using licensability, as the main
design parameter, is to consider its impact on the design space and the methods of analysis. This
approach will provide information on why certain models and tools are advantage if only
licensable designs are considered. Consequently, the final design and methodology can then be
used as a better tool to backfit innovative designs such as the HCF rods or the hydride fuel
designs, discussed in Chapter 1, to further improve the economics of the reactor. Lastly, it is
noted that to reach an actual realistic licensable design is still impossible in an academic
environment as it requires far greater funding and manpower to be completed.
2.1 Scope of the Analysis
Before the methodology and the tools that could be used in this analysis are discussed,
the scope of the study should be narrowed. As mentioned in Chapter 1, there are two parts to
this analysis: enable a large increase in BWR power density using existing cylindrical BWR type
of fuel and potential design implication of using HCF type of rods. The first part implies that the
design study will only look at the thermal spectrum, therefore, eliminating the breeder type BWR
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designs. The reason for desiring to use existing technology is due to lack of any existing
reprocessing plant in US, questions regarding the economic performance of reprocessing
technology internationally and simplification of the licensing process for the final design. The
fuel type is further restricted to less than 5% enriched U0 2 due to the limitation on the current
US enriching infrastructure and licensing.
The control rod drive mechanisms for this analysis are also restricted to standard BWR
cruciform control blades. The use of finger type control rods from the bottom was investigated
through the LASP design and it did not prove to have an ability to provide a large power density
increase compare to a 50 kW/L BWR/4 type of design. The finger type rods also suffer from
very poor mechanical performance as experienced by GE-Hitachi in 1970s in prototype designs.
The use of finger type control rods from the top, such as the one in the HP-PWR design, could
provide safety improvements but it did not contribute to any power density increase in that
design. Therefore, only the traditional control blades from the bottom of the reactors will be used
in the design space. The maximum RPV diameter is also limited to 7.6 m in the optimization
design study as it is assumed to be the limit of manufacturing of vessel with the available
technology.
The restriction of fuel type, control rod geometry and maximum RPV diameter are the
only assumptions made before the analysis tools and models are discussed. The design
methodology used to enable a large increase in the BWR power density has these main steps:
" Understanding the physics underlying specific designs.
" Benchmarking the reference models to allow proper comparison of performance.
* Defining the parameters and restrictions that govern the optimization domain.
" Modeling the design space with details similar to the level required for licensing.
" Identifying the sensitivity of the computational domain to the optimization parameters.
* Utilize an optimization scheme to efficiently move toward the best possible design with
knowledge of the uncertainties.
* Automate and use computationally efficient scripts and codes to formulate a standard
core optimization process.
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The first step is very important, as a proper optimization of the design is not possible if
the underlying physics is not understood. Commonly, there are three main areas to be addressed
in reactor design: neutronics, thermal hydraulics and fuel and materials performance. There are
also two conditions for which design limits are set: steady state and transient. In addition, the
economic performance of the design needs to be considered as the major parameter in the final
design. Furthermore, understanding of the tools chosen to perform a proper analysis of each
design is also vital. Since, the RBWR type of assemblies has displayed the highest achieved
power density compared to conventional BWRs, it is expected that the optimized assembly
geometry to lie somewhere between the nominal BWR bundle and RBWR bundle designs.
Lastly, the reference design is considered to be the ABWR design described in Chapter 1 as it is
the most advanced and competitive existing BWR design in the world.
2.2 Design Space
Every optimization study requires a detailed discussion of its design space. For the case
of the HCF analysis, it was decided to limit the scope of analysis by imposing limits on fuel and
coolant operating conditions. At the same time, the desire is to reduce uncertainty by only
providing competent methods and tools and describe the modeling challenges and trends
regarding the design. However, in case of the standard LWR oxide fuel analysis, optimization of
the parameters is required in order to find the best design to provide large power density.
Performing a design scoping analysis requires well defined design space. The design space is
defined by parameters which are bounded by limits. Many of the design parameters needed to
perform the scoping study will be mentioned in the upcoming sections. The neutronic section
will describe the reasoning as to why only square lattice designs were chosen. The following
paragraph lists the parameters and their respective maximum and minimum limits, with a brief
description of the reasons for these limits applicable only to square lattices.
* Cladding outer diameter (7 - 14 mm): The 14 mm is limited by the fuel temperature
while the 7 mm is limited by manufacturing as advised by industry experts [Shuffler et
al., 2009]. The associated fuel pellet diameter and cladding thickness typical values
follow by dividing the cladding diameter by 1.16 and 1.14, respectively. For the 7 mm
outer cladding diameter that results in a cladding thickness of about 0.4 mm, which is
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below the industry recommended 0.5 mm [Shuffler et al., 2009]. However, if the final
design possessed a cladding thickness of less than 0.5 mm, then its associated cladding
performance can be checked using FRAPCON and FRAPTRAN. Also increasing the
thickness from 0.4 to 0.5 mm is expected to have small impact on neutronic and thermal
hydraulic performance of the channel and can be easily accommodated in the final
design, if it is desired.
* Rod to rod gap (1.5 to 5 mm): the 5 mm limit is based on limiting the maximum pitch
to diameter ratio to 1.7. Though, the BWRs spectrum is dependent on many design
parameters such as the bypass flow region, assembly water gap and water rods, too
much deviation in pitch to diameter ratio of the individual pincells could result in a very
different spectrum, which may not meet the safety and/or burnup limits. The limit on
the 1.5 mm is based on licensability as anything smaller would be considered too far
from current practice. The fuel rods in a standard nuclear reactor do vibrate, bow and
strain, therefore the 1.5 mm pin to pin gap is considered the minimum space needed to
accommodate such occurrences. Similar to the 5 mm limit, the 1.5 mm limit was also
partially set for conserving the spectrum of a typical BWR.
" Active fuel height (1-5 m): The active length of the fuel is one of the parameters that
almost has never been investigated in the previous studies at MIT and the BWR
optimization studies. As mentioned in Chapter 1, the design of ESBWR and RBWR
take advantage of the lower active length to reduce the pressure drop and increase the
breeding ratio, respectively. The 1 m is considered as the minimum due to limitation of
core diameter and the degradation of CPR margin. The 5 m is set as the maximum, due
to pressure drop constraint, licensability and unlikelihood of achieving higher power
density through increase of length.
* Water Rod Diameter (Pitch-8*Pitch mm): The minimum diameter size is the minimum
pitch calculated by the cladding diameter and rod-to-rod gap. The maximum limit, 8
times the pitch, is inferred from high peaking factors next to the water rods and power
density limitations based on many 2D CASMO4e analyses (see Appendix A).
" Inner-assembly gap thickness (0 to 7 mm): The inner-assembly gap is the space at the
assembly edge to achieve larger flow area near the wall. This geometric parameter
mainly impacts the neutronics calculations, bus also the CPR analysis. In the typical
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BWR bundle type, some gap is required to achieve less peaking factors at the assembly
periphery and this reactivity effect saturates by around 7 mm which also causes the
power density to degrade.
* Assembly box wall thickness (2-4 mm): These limits are within the design bases of
assembly box thicknesses in current BWR. They are varied in order to arrive at an
accurate number of bundles that could be fit in the core.
* Outer gap thickness (0.6 cm to 2.5 cm): Outer gap thickness is the assembly to assembly
gap within the core. The minimum limit is restricted by the reactor shutdown margin as
the size of control blade thickness is dependent on this parameter. The maximum size is
mainly restricted by peaking factors in addition to bypass flow fraction and power
density.
" Array size (8-18): After performing many 2 D calculations, with and without control
rods, the largest array size to meet the desired peaking factors was 18. The minimum
limit of 8 is limited due to the power density restriction. The larger array sizes also
result in longer assembly width which limits the shutdown margin as observed in Figure
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Figure 2-1 Cold shutdown margin degradation with increase offuel inventory for an ABWR type
assembly type design [Yamada et al., 2004].
e Pressure (6-12 MPa): Another parameter that most optimization design studies have not
considered was the operating pressure. The 6 MPa minimum limit is restricted by
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thermal efficiency and stability limits due to higher ratio of liquid to vapor densities and
12 MPa maximum limit is mainly restricted by the CPR limit [Liu et al., 2005].
* Power (3.9-5 GWth): If there is a large power density increase in a BWR design then it
needs to produce a large amount of power, otherwise the design is useless from an
economic point of view compared to existing BWR plants. Therefore, the minimum of
3900 MWth is considered to allow a useful comparison between the final design and the
current by available BWRs. The 5 GWth comes from the ABWR II rated power, the
maximum power reported by any GE-HITACHI design. This is desirable as there are
many assumptions and structures, such as containment and system integrities outside of
the core, that Hitachi has accounted for properly, which is advantageous for licensibility
of the design.
* Flow rate (6800-17000 kg/s): The minimum flow rate corresponds to an outlet quality of
40% at the maximum power level limit as it is the limit at which the water loses ability
to retain corrosion and fission products [Takeda et al., 1995]. The maximum flow rate
results in quality of 12% at the maximum power level below which the steam flow rate
is considered to be too small for power generation.
" Hydrogen to Heavy Metal-ratio (3.5-4.5): The nominal H/HM of all GE-HITACHI
designs has been around 4 for an average void fraction of 40%. While the H/HM does
not alone dictate the precise spectrum or reactivity feedbacks, it does provide the
scoping study with a powerful measure of the viability of each design.
" Subcooling temperature at the core inlet (10-50 "C): This limit is restricted to the axial
power shape and stability.
" Enrichment (<5% per pin): This limit is restricted due to the current enrichment
infrastructure and licensing. The enrichment also limits the fuel burnup to current range
of operation, which is very desirable for both modeling and licensability point of view.
One of the main constraints on reactor power uprates is the cladding performance at
high burnups during a simulated RIA. Therefore, even if this limit is relaxed, it is likely
that a new cladding material would be needed.
* Core Radius (2.5-2.7 in): The core radius minimum limit is derived from assumption
about the minimum power level and maximum power density restriction. The core
radius maximum is restricted by the largest possible fabricated vessel size in the world.
36
" Core pressure drop (<300 kPa): typically a value of 300 kPa was used in previous design
studies. Since the ABWR size vessel is desired, the maximum head provided by the
internal pumps is chosen as the limit due to advantages in licensability for the final
system level design.
e MCPR >1 : As discussed in Section 2.4.1.3, it is expected that with the use of
subchannel analysis and Hench-Gillis correlation for the final design better CPR can be
achieved and there is no need to reject designs that barely meet the 1.0 design criterion.
" Assembly pin radial peaking (<1.3): If the peaking limit could not be achieved then the
configuration is rejected. This process is still reformed by hand and the output is
processed by scripts to automate the rest of the optimization process. The actual use of
optimization techniques for the pins in the assemblies has been shown in literature, but it
has also been proven to be computationally expensive compared to manual pin
swapping. The fuel composition and their placement create a large test matrix and for
large fuel arrays, genetic algorithms might be advantageous but this is left as future
work.
" Void coefficient (<0): It is deemed acceptable as long as it is negative, and it is
calculated using CASMO4e for the design scoping study at three burnup state points 0,
25 and 50 MWD/kg. The final design void coefficient is calculated using a full core
SIMULATE model.
* Average fuel temperature (<1400 *C): This is a limit that is commonly used in the
previous studies as it needed to limit fission gas release. In this study it is used as a limit
to not differ from the current LWR fuel average temperatures as the fission gas release
is a function of other parameters such as fuel rod and plenum volume. This limit is also
more limiting than the U0 2 centerline melting temperature that is required for licensing
for LWRs.
* Maximum fuel temperature (<2800 *C): This limit provides the minimum margin for the
centerline temperature before the fuel could start losing its structural properties and
melting occurs.
" Maximum cladding temperature (375 *C): This limit is the temperature at which the
Zirconium cladding starts to have excessive corrosion in water.
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0 Fluence Rate <2x10 26 n/m2: This is another parameter that can be calculated using
CASMO4e and can be used to filter out unacceptable designs for the design scoping
analysis.
9 Minimum Cycle length >1 year: The cycle length can be calculated by the linear theory
of reactivity from the already restricted parameters. It is assumed that the minimum
economically achievable cycle length is the annual refueling cycles.
Due to the heterogeneous nature of the BWR geometry, the water rod configuration has to be
defined individually, as the assembly pin shuffling algorithm was not completed and left as
future work. For the design optimization only cylindrical water rods where thoroughly
considered.
2.3 Neutronics Tools
The MIT Nuclear Engineering and Science department has access to a variety of neutronics
codes to model the BWR reactor physics. The BWR reactor physics involves accurate prediction
of cross-sections to be able to calculate accurate power distributions in the core. Therefore, the
ability to model all the core structures, such as control blades, assembly box thickness, bypass
flow area, water rods and spacer grids, is essential in accurate predictions of BWR core
performance. The following is a brief description of each of the available codes:
* CASMO4e [Studsvik, 2012]: One of the most widely used lattice transport codes
available, CASMO4e, is capable of analyzing current LWR reactor fleet at various
operating conditions to generate two group homogenized crosssections and
parameters used for core simulators. It uses the Method Of Characteristics (MOC)
to solve the neutron transport equation. The CASMO4e's BWR capabilities is
limited to square lattices with one control blade per four assemblies, hence no K-
lattice type control rod configurations can be analyzed. The CASMO4e's
performance has been verified by its owner, Studsvik Scandpower, against critical
experiments. CASMO4e is more user friendly than many other lattice physics
codes. Only ENDF6 neutron crosssection libraries are available to use with
CASMO4e, which underestimates reactivity by 400 pcm for a typical pincell
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calculations compare to newer ENDF7 libraries. CASMO4e is also limited to 2D
cross section type calculations, unlike the Monte Carlo codes described below.
MCNP5/X [LANL, 2003]: Perhaps the most widely used Monte Carlo code today,
MCNP5 can be utilized for reactor physics calculations for wider range of
geometries and materials. The MCODE, which is the MIT developed burnup
modules coupled to MCNP5, and the equivalent BGCORE developed at Ben-
Gurion University of the Negev, have been used in previous BWR and PWR studies
to perform burnup calculations [Feng et al., 2011]. LANL also developed MCNPX,
which uses the MonteBurn module to perform depletion calculations and it is also
widely used. The MCNP5 comes with multiple cross section libraries such as the
most recent ENDF7 modifications. However, there are limitations to MCNP5
usability compared to CASMO4e. MCNP5 does not take into account U2 38
resonance up-scattering by default, as zero Kelvin calculations needs to be
performed by NJOY cross section library code. Accounting for resonance up
scattering typically results in increasing of reactivity by 150 pcm. Also, it does not
provide the Uranium-Oxygen thermal scattering library accounting for 80 pcm or
so. The thermal expansion in the rods also has to be modeled, in addition to leakage
effects which is not trivial with Monte Carlo codes for cross section generation.
While MCNP5 is parallel and can keep its parallelization efficiency to the maximum
number of computer cores available for this work (64 cores), the calculation time
will still be slower than deterministic codes. Also, the script to provide necessary
cross section format for core calculations are not available using MCNPX or
MCNP5 with MCODE or BGCORE.
* KENO [OakRidge, 2010]: The Monte Carlo transport module in the well known
SCALE package. KENO has similar abilities as MCNP5, except for parallelization.
If a continuous cross section library is used within SCALE, on a single processor its
performance is similar to MCNP5, both in terms of computational time and
accuracy of its solution. One advantage that the KENO module in SCALE posses is
that it can be automatically run with multigroup cross section libraries available in
SCALE. Then the TRITON module in the SCALE package can be utilized to
perform the depletion calculations. Unlike CASMO4e's 70 group libraries, the
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libraries in SCALE can produce large errors in calculations, even if they were made
for current LWR type spectrums and designs. Furthermore, the self shielding
calculations needed when the multi group libraries are used are known to be
deficient and can produce errors up to 300 pcm. While all the modeling deficiencies
mentioned for MCNP5 apply to both KENO and KENO multigroup, the multigroup
part is further handicapped as it does not use Dancoff factors in its calculations
which, are important in BWR assembly designs. The Dancoff factor is the
probability of the neutron leaving the fuel and interacting with the moderator before
colliding in the neighboring fuel element. The other term commonly used to
account for lattice effects is the Dancoff correction where it is characterized by the
probability that a neutron leaving the fuel will interact with another fuel rod.
" NEWT [OakRidge, 2010]: The deterministic transport module in the SCALE
package, NEWT, is capable of performing wider range of geometries and materials
for lattice physics calculations compare to CASMO4e. NEWT uses SN step-
characteristics approach to solve the transport equation for lattices of interest.
However, NEWT suffers from the same limitations as the KENO multigroup
discussed above. In addition, NEWT requires extremely long calculation times.
" DRAGON [Marleau, 2011]: The deterministic transport solver, DRAGON, uses
Collision Probability Method (CPM) to perform lattice physics type calculations.
The DRAGON solver comes with a user friendly cross section library generation,
PYNJOY, and many different self shielding models. Therefore, DRAGON can
provide more accurate cross sections compared to the SCALE package in the multi
group mode. While DRAGON provides shorter computational time compared to
Monte Carlo codes, it still suffers from the modeling deficiencies in MCNP5 and is
far less user friendly compared to CASMO4e. The scripts to import DRAGON
generated cross sections into available core simulators is also not available at MIT.
" SERPENT [Leppanen, 2011]: The Monte Carlo continuous energy code SERPENT,
specializes in lattice physics calculations as it provides very user friendly
environment to generate the necessary cross sections needed for deterministic core
models. It also takes advantage of certain techniques to accelerate its calculations
by 5 to 20 times compared to other Monte Carlo available codes. The latest version,
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SERPENT 2, also promises parallelization capability to improve runtime with use of
multiple processors. SERPENT also provides an easy way to change the geometry
types used in the code (e.g. HCF) compared to the entire above mentioned reactor
physics code as it is an open source code and very well organized. While the
ENDF7 cross section library in SERPENT matches well with MCNP5 and KENO,
the implementation of ENDF6 and other libraries seem to be defective. Also, the
burnup module of SERPENT and the generated reactor physics parameters such as
the diffusion coefficient are still under development and have not been validated.
* SIMULATE3 [Studsvik, 2012]: One of the most widely used core simulators in
LWR industry, SIMULATE3 provides a user friendly environment to perform core-
wide reactor physics calculations. It also uses simplified thermal hydraulic models
to guess the flow distribution in the BWR core or user given inputs, if the models
within the code are not applicable. Also, CASMO4e generated cross sections and
coefficients can easily be imported to SIMULATE3 by the use of CMSLINK script
provided by STUDSVIK to MIT. SIMULATE3 is only capable of simulating
square lattices and the code performance deteriorates as the design features depart
far from the current BWR conditions.
* PARCS [Downar et al., 2006]: Used by NRC, PRACS is a diffusion core simulator
that can simulate LWR square and hexagonal lattice geometries. While PARCS has
been proven to be able to simulate BWRs effectively, the scripts that would allow
the use of CASMO4e/SCALE /SERPENT cross section libraries are not available at
MIT. The PARCS coupling to TRACE system code (discussed in section 2.3)
capability is also available at MIT.
* NESTLE [Turinsky et al., 1994]: Developed at NC State, NESTLE is also a few
group diffusion core simulator, capable of simulating both square and hexagonal
lattice types. While NESTLE has not been used as often as PARCS for simulating
BWR designs, it has been implemented in RELAP53D (discussed in Section 2.3)
and available at MIT.
Typical BWR core models require thousands of lattice physics calculations to provide the
homogenized cross sections and core parameters as inputs into core simulators discussed. Even
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with the mentioned shortcoming of some of the self shielding models and cross section libraries,
all of the mentioned methods can effectively solve the transport equation. Therefore, the main
difference between the codes is realized through their computational time and effectiveness of
their user interface. Table 2-1 provides an evaluation of the computational speed of each of the
lattice physics codes for a depletion calculation of a single pincell with 12 state point
calculations on a single processor.
Table 2-1 Lattice physics code computational time
Iiilpcm Difference 0 -516 -46 -423 -52 -640
Cluation Time 2.5 days 17minutes 1 day 8 minutes 40 sec 5 e
From Table 2-1, there are clear winners and losers, as not only the optimization study but
also the core wide reactor physics calculation will require thousands of calculations. Due to
computational time and reasons mentioned above, the CASMO4e is chosen as an ideal lattice
physics code package to provide accurate and efficient cross sections generation for core wide
calculations. It is also a powerful design scoping analysis tool for the optimization process due
to its short runtime. The CASMO4e is also limited to ENDF6 crosssection library.
Choosing CASMO4e as the neutronic tool moving forward has immediate design scope
implications. The most important implication is that of elimination of the hexagonal lattice from
the optimization domain. Since the scope of the study was already limited to less than 5%
enriched oxide fresh fuel rods, the advantage of going to a triangular lattice has already been
greatly diminished. The other advantage in restricting the design space to only square lattices is
the lack of available data and available models in hexagonal type geometries for BWR type
conditions. Also, the ability to license the hexagonal design will be more difficult due to the lack
of reliable methods and models compared to the square lattice. One restriction of using
CASMO4e as the lattice physics code on the design space, as mentioned above, is that no K-
lattice type of control rod pattern can be employed. This restriction affects the design space by
limiting the assembly length and fuel area density within a bundle. The other implication of
using CASMO4e is that the Simulate3 is automatically picked as the core simulator, since the
scripts to go from CASMO4e to PARCS and NESTLE are not available and time consuming to
create and validate.
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While the primary advantage of using a hexagonal lattice is outside the scope of this
analysis, it is noted that a design that provides a large increase in power density implies packing
more pins than what is done in the current BWRs. Using hexagonal lattice configuration can
make packing of more fuel easier. Therefore, it is recommended that the HELIOS lattice physics
code by STUDSVIK, not available at MIT, to be obtained, which is capable of analyzing
hexagonal fuel geometries, which then can be used with core simulators capable of handling
hexagonal geometries such as PARCS or NESTLE as part of future analysis. Appendix A can be
referred to for more information on reactor physics methodology.
For the purpose of neutronic modeling, all the 2D structures of the assembly should be
modeled. Figure 2-2 shows the H/HM sensitivity to the modeled assembly geometry. The
change in H/HM results into different system reactivity and behavior. It can be seen for a fixed 1
mm inner assembly gap, the H/HM will appreciably change. The inclusion of the bypass flow
area between the assemblies is a crucial geometric parameter in the neutronics analysis of each
bundle and has a significant impact on reactivity and burnup. The comparison of a larger array
size and its geometric impact on H/HM can also be observed. Therefore, the array size needs to













Figure 2-2 The H/HMsensitivity to assembly geometry modeling.
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2.4 Thermal Hydraulics and Structure Tools
2.4.1 1D models
To perform the proper thermal hydraulic analysis for the design scoping study, it has
been shown that using ID thermal hydraulic and structure models that use an equivalent
hydraulic diameter for a single BWR bundle give similar behavior as modeling the entire
assembly in more detailed subchannel level codes [Ferroni & Karahan, 2004 & 2006]. The ID
approach in thermal hydraulic models can be easily implemented in a variety of computing
frameworks such as FORTRAN, C++, MATLAB or TKSolver. Unlike neutronics, where almost
all CASMO4e and Simulate3 options are fixed, there are many thermal hydraulic models, where
their validity needs to be verified before they are utilized. For BWR bundle analysis, the
parameters of interest are pressure drop, axial void distribution, Critical Power Ratio (CPR) and
structures' temperatures and vibrations.
2.4.1.1 Flow and Heat Transfer Models
The ID lumped modeling of flow and heat transfer for rod bundles is very straight
forward and computationally is an inexpensive task. For a single channel, starting with the ID
energy equation, the enthalpy rise in the channel can be represented by Eq 2-1.
h1+= h, + , (2-1)
m
Where q', is the linear heat rate at axial node i and m is the total mass flow rate for the channel.
While the equilibrium quality can easily be calculated by Eq 2-1, the flow quality can be
calculated by Zuber's profile-fit model [Todreas & Kazimi, 2011], which accounts for subcooled
boiling:
(h -h,)+(hf- hd) .X = with (2-2a)(h, -hf)+(hf 
-- hd) 91
91=1-tanh (h-h,) and (2-2b)(hf -hd)
44
IF0 YB 5.0:hf -hd=C,, q" 5.0q" PrYB
H1+ G(4)*-
IF 5.0 YB 3 0. hf -d =Cpl q" 5.0 q" [Pr+1n(1.0+ Pr( -1.0))] 2-2c)
H1+ G( ) 0.s 5.0
IF3 0.0Y8:h,-h,-=C, q" 5.Bq f [Pr+ln(1.0+5.0Pr)+0.5ln( B A
H G+ 0.5 30.0
Where YB 0.010(aDhpf) 0 5  (2-2d)
Pf
Once the flow quality is calculated, then the void fraction can be estimated using models
described in Section 2.3.1.2 and can be used for both neutronic and pressure drop calculations.
Pressure drop is a strong function of flow velocity and hydraulic diameter of a channel
for cylindrical rod bundle types, and it can be reasonably estimated with the ID parameters for
the design scoping analysis. The spacer grids are always almost lumped into loss coefficients for
pressure drop calculations due to the proprietary nature of their design. Also, the BWR bundles
typically feature inlet orficing and tie plates that can be modeled with a loss coefficient as well.
Therefore, the total pressure drop can be estimated by summing friction, gravity, form and
acceleration pressure drops as shown in Eq 2-3:
APot = fc +a + APfo,,. (2-3)
The two phase frictional pressure drop typically accounts for over half the total pressure
drop calculated from Eq 2-3, therefore its correct modeling is important. In order to estimate the
frictional pressure drop, first the single phase friction factor and the two phase multiplier friction
factor need to be defined. For the single phase friction factor, Blasius, Rheme and Cheng &
Todreas correlations give similar results in the range of Reynolds numbers for the single phase
section of a typical BWR bundle [Todreas & Kazimi, 2011]. However, the single phase friction
factor is also used for the two phase pressure drop calculation and the range for the liquid only
Reynolds number is relatively small in the two phase region. Therefore, the Blasius correlation,
given in Eq 2-4 is used to calculate the friction factor, as its experimental range covers more low
Reynolds numbers compare to Rheme or Cheng & Todreas correlations.
45
f= 0.316 Re-0-2
For the calculation of the two phase friction multiplier, the commonly used Martineli-Nelson
correlation form is applied as seen in Eq 2-5:
2 C 1$, =1+-+ - with (2-5)
x2 _p, P/05 PL (2-6)
(/g) (X I )
where the two phase frictional pressure drop over the boiling length of the channel is defined by:
Ap = " G b 2 _ X,(2-7)
De 2 p,
Where fl. is the liquid only component of friction factor using Eq 2-4. Assuming both vapor and
liquid phases are turbulent, the most widely used model for C in Eq 2-5, applicable to two phase
flow in round tubes, is the Chisholm correlation, with C=20. However, according to literature,
for rod bundles with BWR geometries and conditions, the Chisholm correlation over predicts the
frictional pressure drop. In RELAP5, the correlation used for C is derived by Chaxton et al
[RELAP5, 2001]. As mentioned before, the possibility of achieving a large increase in power
density is facilitated through smaller hydraulic diameters. Holt et al. [Hesselgreaves, 2001]
correlated C as a function of hydraulic diameter to estimate the two phase multiplier more
accurately for two phase pressure drop in smaller diameter tubes than the ones used in
development of the Martinelli-Nelson correlation. The VIPRE subchannel analysis code
[Stewart, 1989] uses the EPRI correlation by default, which has been developed for rod bundles
and covers a wide range of mass fluxes. The other alternative widely used correlation, the
Beattie correlation, is also available in the VIPRE code. However, the Beattie two-phase friction
multiplier is flow regime dependent. This introduces an inherent uncertainty and increase in
complexity which is not advantages for design scoping type analysis.
Figure 2-3 illustrates the comparison of these models vs. mass flux for three different
conditions at BWR saturation inlet conditions (7.2 MPa). As seen from Figure 2-3 (solid lines),
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(2-4)
for typical BWR mass fluxes (1500-2000 kg/m2-s) and conditions, the prediction of the RELAP5
Martinelli-Nelson correlation and EPRI correlations are very close as the Holt and Chisholm
correlations over predict the pressure drop. In case of smaller hydraulic diameters but similar
heat flux, it can be seen from Figure 2-3 (dashed lines), that the Holt correlation agrees well with
the EPRI and RELAP5 models. The Chaxton et al. model for the C parameter in Eq 2-5 shows
small sensitivity to changes in hydraulic diameter compared to the Holt correlation. The
magnitude of the sensitivity the EPRI correlation to the hydraulic diameter change lies between
that of Chaxton et al. and Holt. Finally, as also seen in Figure 2-3 (dotted), for very high
qualities (>50%) and small hydraulic diameters, similar to that of RBWR, the EPRI and
RELAP5 models show relatively similar performance, while the Holt correlation appreciably
overestimates the pressure drop. The Chisholm correlation for all above cases overestimates the
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Figure 2-3 The frictional pressure drop across a channel at 7.2 MPa saturation inlet conditionfor the
Chisholm (red), Holt (blue), RELAP5 (green) and EPRI (Brown) at nominal BWR type conditions (solid),
small hydraulic diameters (dashed) and high qualities (dotted) with Martinelli-Nelson formulation.
From Figure 2-3, it can be concluded that the EPRI and RELAP5 (i.e. Chaxton et al.)
correlation for the C parameter for Martinelli-Nelson model, show reasonable agreements at
wide range of conditions. The purpose of the ID modeling is to assess the underlying physics of
the design space correctly and provide more conservative result that what the higher order
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analysis could simulate. Therefore, the RELAP5 type Martinelli-Nelson model is used for the
purpose of this analysis.
The fuel and cladding temperatures can be easily calculated using the simplified ID
conduction equations listed in Eq 2-8 for design scoping purposes. The thermal conductivity of
the fuel can be taken from the widely used MATPRO model at 95% theoretical density [T&K,
2011]. The average fuel temperature limit of 1400 *C is more limiting than the U0 2 melting
point, explained in section 2.2, as the peak temperature limit for U0 2 is 2800 "C; therefore the
radial average temperature in the pellet is also monitored.
Tl,,d =-+ T,,k (2-8a)h
[1 1 1 (D l
Tma =7rDcoq"[ + + In +T, (2-8b)
"47rkf Dchg, 2rk D,
Tee = Tm - e. (2-8c)8 kf
The water properties needed for heat transfer models to estimate the cladding outer surface
temperatures (Tclad) are calculated using built in NIST water properties modules. For single
phase heat transfer, the well known Dittus-Boelter correlation is used:
Nu = 0.023 Re08 Pr 0.4 with (2-9)
Nu = h D/k. (2-10)
The Dittus-Boelter correlation was developed for round tubes. Therefore, in the particular case of
water as the working fluid, Wiesman proposed a correction factor to be multiplied by Eq 2-9
with the Prandtl number exponential of 0.333 for the square lattice rod bundles:
/ = 1.826 PD-1.043 1.1<P/D<1.3. (2-11)
Similarly, Presser suggested the following correction be applied to the Dittus-Boelter correlation
for square rods:
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V = 0.9217+0.1478 D -0.1 130e '(4k) 1.05<P/D<2.2 (2-12).
Markozy also gave a general expression for V/ as a function of Reynolds and Prandtl number:
V/ =1+0.9120 Re-41 Pr0 4 (1-2.0043e-B) with (2-13a)
(2-13b)B=4(p 2
The correction factors as a function of P/D can be seen in Figure 2-4.
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Figure 2-4 The rod bundle correction factor of Weisman (red), Presser (Green) and Markozy (Blue)
relative to no correctionfactor (Brown).
The Weisman correlation results in increasing the heat transfer coefficient predicted by Dittus-
Boelter and therefore resulting in lower cladding and fuel temperatures compared to other
correlations. The typical expected value for P/D is between 1.2 to 1.3 for the final design, for
which Figure 2-4 displays a variation of about 30%. VIPRE uses a modification to the 0.023
constant in front of the Dittus-Boelter correlation that is a function of ratio of flow cross
sectional area over the total cross sectional area. For typical BWR bundles, this change to the
heat transfer coefficient multiplier to Dittus-Boelter is comparable to the Weisman correction
even though it is a function of assembly area unlike the Weisman correlation. Though, by
default, the Dittus-Boelter is selected in VIPRE for conservatism.
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where an1 is the nucleate boiling heat transfer coefficient (W/m 2-K), A2Ta is the difference in
wall temperature and saturation temperature (*K), AP, is the difference in pressure at the wall
surface and saturation (Pa), cp, is the liquid specific heat (J/kg-K), p is the density (kg/m3), k,
is the liquid thermal conductivity (W/m-k), a- is the surface tension (N/rn), h is the enthalpy of
vaporization (J/kg), and v, is the liquid viscosity (Pa-s).
The Martinelli parameter is defined by:
(P)-5 (V).1( ~X).27 , (2-14 b)
P, Vg x
where x is the flow quality and v is the kinematic viscosity. The effective heat transfer
coefficient for two phase flow is given by:
h = F hi+ S an, (2-15)
where h, is the convection heat transfer coefficient calculated based on the total flow being all
liquid. F and S are defined as:
F = 2.35[1 +0.213]0.736, (2-16)
z
S 1 1 17 (2-17)
1+2.53e 
-6Re,
where Re, is defined as:
Re, = Re, F1' 5 . (2-18)
Additionally, the subcooled region uses the Bergles and Rohsenow equation [Bergles .et al.,
1964] to calculate the required wall superheated to have subcooled nucleate boiling as a heat
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transfer mechanism. In this regime, the Thom correlation [Todreas and Kazimi, 2011] was used.
However this is not of great importance in terms of heat transfer as the subcooled boiling length
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Figure 2-5 The magnitude of the two phase Chen heat transfer coefficient using the single phase
correlation of Weisman (red), Presser (Green) and Dittus-Boelter (brown) for nominal BWR geometry
(solid), low mass flux (dashed) and low hydraulic diameter (dotted).
Figure 2-5 displays the variation in the heat transfer coefficient calculated from the Chen
correlation to the single phase heat transfer models described before. It seems that the deviation
in the assumed single phase heat transfer coefficient does cause appreciable differences in the
two phase heat transfer rate. However, Figure 2-5 shows that moving from conventional BWR
conditions to unconventional conditions such as lower mass flux, higher quality and low
hydraulic diameter, makes the differences between Dittus-Boelter and other correlations smaller.
Therefore, for the purpose of the design scoping the standard Dittus-Boelter correlation is used in
the two phase flow region as well. For the final design, more models or utilization of CFD can
be applied for more accurate evaluation of cladding and fuel temperatures.
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2.4.1.2 Void Fraction Models
The radial void fraction distribution for a nominal BWR bundle is relatively insensitive to
lattice physics calculations, thus making the ID axial void fraction calculations compatible with
the power distribution calculation. While this assumption might be sufficient for the design
scoping study, it needs to be verified for the final optimized conventional design and the HCF
rods.
While there are many experiments in the literature for void fraction measurements under
nominal BWR design conditions, there are only few available experimental data for tighter
lattice applications. Experiments at Japan Atomic Energy Agency (JAEA) are almost the only
ones in the literature that provide both axial and radial void fraction measurements in bundles of
RMBWR type geometry and operating conditions [Kureta et al., 2008]. The JAEA report
recommends using a drift flux type model to best match their experimental results for a 37 rod
bundle with hexagonal geometry. The recommended drift flux type model, the Liao, Parlos and
Griffith (1985), was included in a detailed study done by PSI on 15 drift flux models' ability to
predict void fraction data from 9 experimental sets [Coddington et al., 2002]. Using the 2 sets of
available date from the JAEA report, the axial void profiles for the JAEA experimental
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Figure 2-6 The axial voidfor the 37-rod RMBWR bundle type from JAEA at 2 MPa (a) and 7 MPa(b).
As seen in Figure 2-6, the well established Chexal -Lellouche correlation used in most safety
analysis codes, such as the Hitachi-GE code TRAC and the USA code RELAP5, overestimates
the void fraction in the 10 and 25% quality region.
Another continuous drift flux model, the Dix correlation [T&K, 2011] developed for BWR type
bundles over-predicts the void fraction below 90%.
The CISE void correlation (non-drift flux type) that was shown to agree well for small diameter
tubes under low void conditions agrees with the scarce low quality data points [Triplett et al,
1999]. The correlation is also known to over-predict the void fraction at higher qualities as
shown in Figure 2-6.
The next three correlations in Figure 2-6 are based on the JAEA recommended correlations
[Kureta et al., 2008]. The slug flow model for round tubes correlations shows over-predictions in
the low quality region, but the slug flow model for triangular ducts shows a closer behavior to
the experimental data. In the annular flow regions the annular flow model does very well with


















The Bestion model [Coddington et al., 2002] used in the French safety analysis code CATHARE
and TRACE, behaves similarly to the Dix model and over-predicts the void fraction up to 90%.
The homogenous model [T&K, 2011] provides the upper bounding curve to all drift flux type
models by consistently over predicting the void fraction.
The Zuber-Findlay model [T&K, 2011] for slug flow displays over prediction and under
prediction for the low and high quality regions, respectively. This model can be used with the
VIPRE code.
By default, VIPRE uses the EPRI void model, which shows good agreement with Chexal-
Lellouche correlation at low pressures and high pressures.
The only set of experimental correlations in the Coddington et al. study that included hydraulic
diameters close to the RMBWR type geometry was the NEPTUN (1988) low flow and low
pressure void fraction measurements for a tight lattice PWR type. The void fraction model that
agrees well with the NEPTUN experiments was the Liao, Parlos and Griffith (1985) model
which also agrees well with the JAEA experimental data. However, its discontinuity at the start
of the annular flow regime, given the unavailability of reliable experimental data at low void
fraction, is under question.
Generally, void fractions above the 50% level can be reasonably deduced from the
available models. But, due to the lack of experimental data, there is much more uncertainty
below 50% void fraction. While the CISE correlation is the only one that predicts continuous
transition from a low void fraction to the annular flow region, it is preferred here to use the Liao
et al. correlation for annular regime for the entire flow regime. However this approach can be
non-conservative as there is a chance of under-predicting the void fraction at low qualities which
is typically less conservative for most reactor design calculations.
The criterion used by Liao et al. is a modified version of the most used criterion for onset
of annular flow, a dimensionless superficial velocity (jg = 1). It has been shown by different
experiments for small diameter tubes (<1.5 cm) that as the jgst approaches unity, the slug/chum
flow transitions to annular flow [Cheng, 2008]. Liao et al. underestimate this transition point for
the RBWR conditions by a void fraction of 5%. Therefore, for the best estimate of the void
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fraction before and at the point of transition, it is recommended here to use the slug flow
correlation by Liao et al. For void fraction predictions after transition in the RBWR type
geometry, the annular flow Liao et al. correlation is recommended. Furthermore, eventually
RELAP5 or TRACE will be used to perform steady state and transient analysis. If the final
optimized design will be close to the RBWR type geometry and conditions, the void correlations
in both codes need to be modified to Liao et al., however, the discontinuity could cause a
numerical instability. It is therefore recommended to keep the void fraction predicted by the
Liao slug flow correlation constant at jgst = 1, until the annular void model catches up to the
value of the slug flow void fraction.
For the purpose of the study of conventional BWR type conditions, only the Bestion,
RELAP5 and Liao models are carried over to assess their sensitivity at normal conditions and
geometries. For a reference ABWR, the outlet quality of 15% with void fraction of 70% is
observed and is consistent with published results [Fennem, 2006]. As seen in Figure 2-7, the
Bestion model tends to overestimate and the best estimate model created for the RBWR tends to
significantly underestimate the void fraction. The RELAP5 and EPRI correlations for VIPRE do
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Figure 2-7 The voidfraction for a typical ABWR condition
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Therefore considering the results shown in Figure 2-7, the RELAP5 Chexal-Lellouche
model is recommended to be used for the scoping study due to its least outlier behavior. Another
conclusion from the above analysis is that the void fraction prediction accuracy proves to be
different depending on the hydraulic diameter and flow conditions. Therefore, for the final
design a sensitivity study needs to be performed with the four correlations listed in Figure 2-7.
2.4.1.3 CPR Models
One of the most limiting parameters in BWR design is the MCPR. The ID analysis
approach neglects the inner bundle channel mixing and lumps the presence of water rods and
partial length rods which results in an underestimation of CP. However, neglecting the local rod
peaking within the bundle compensates for the underestimation of CP with the mentioned
approximations.
Generally, the hydraulic diameter and the cross-sectional area of the flow are very
important in a CPR analysis, as they also affect the inner bundle mixing. Conserving Pitch over
Diameter ratio (P/D) will not result into the same mixing coefficient in subchannel codes. The
triangular tight lattice has less mixing than square lattice at the same P/D and Reynolds number,
on average. Furthermore, the mixing coefficient can be under predicted in a channel with
unheated wall such as water rods. At high Reynolds number, the effects of P/D ratio are small,
but at low Reynolds numbers they are significant [Jeong et al., 2007]. The conclusion is that the
space between the bundle walls to rods and the hot rod location within the bundle become more
important as the gap between the rods becomes smaller. Therefore, the geometry becomes more
important and modeling details such as the thermal expansion of the cladding will be more
significant in a tight lattice configuration.
As mentioned, the CPR is a very important variable in determining the validity of a
design and its suitability for a wide range of operating conditions. General intuition, whether for
the case of the HCF rods or the cylindrical rods, tells us that the smaller rod diameter and thus
the tighter lattices, has more potential to increase the power density without CPR penalties, as
seen in the evolution of the BWR assembly from 6x6 to 1Ox10 arrays, in the last 40 years for
relatively the same core volume. This is mainly due to the fact that the smaller diameter rod
increases the surface area to volume ratio of the heat generating media. Also, for a given flow
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rate, a lattice geometry with larger total flow area result in reducing the coolant mass flux, which
in the case of appreciable saturated boiling will increase the exit critical quality. However,
different correlations were derived from different experimental data, and typically they are not
able to cover the entire design space, which contributes significantly to the uncertainty of the
design scoping analysis.
A literature review of the most commonly used correlations has been undertaken, and the
top 7 correlations are shown in Figure 2-8 for the tight lattice geometry. For this geometry, the
clad diameter of 7.5 mm with rod to rod gap of 2 mm with 1 m total heated length is modeled at
700,000 kW/m 2 and 700 kg/m2s heat and mass flux respectively. Assembly radial peaking factor
of 1.1 is assumed with similar BWR core pressure (7.2 MPa) and inlet temperature (278 C).
The RBWR typical double humped power shape is also applied to examine how sensitive
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Figure 2-8 CPR correlations to analyse the RBWR fuel.
The detailed equations of each of the CPR correlations used and its range of applicability
are found in Appendix B. As seen from the plots, three correlations, CISE4 [T&K, 2011], Arai
[Arai, 1990] and the new Toshiba correlation based on a 7 rod test [Yamamoto, 2004], which do
have tight arrays in their experimental base, predict higher values of CPR at the exit and
converge to similar values. However, the Hench-Gillis [T&K, 2011], EPRI [T&K, 2011], new
JAE with double humped axial peaking profile (JAE-APF) [Liu et al., 2005] and the new JAE
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correlation with uniform heat profile in their experiments (JAE-CPF) [Kureta & Akimo, 2003],
converge to similar exit quality condition. The new JAE correlations were based on a 7 rod test
and 37 rod test in hexagonal lattices. The EPRI correlation is based on Hench-Gillis with added
axial power factors. The CP is typically not as sensitive to axial power profile compare to CHF
as it dependent on the integrated power. However, in case of RBWR there is significant power
change where the axial profile crosses from the fissile to blanket regions and back to the blanket
region as shown in Figure 1-2.
Each of the correlations is also analyzed vs. the diameter and mass flux variations. Select





















0 0.002 0.004 0.006 0.008
Rod to Rod Gap (m)
0.01 0.012
(b)
Figure 2-9 The Critical quality vs. (a) mass flux and (b) rod to rod gap.
The Arai and CISE correlations are examined for their validity in design optimization as
a function of the tightness and mass flux, compared to the EPRI correlations. As seen, in terms
of mass flux in Figure 2-9a, all the correlation follow the same trend and the EPRI correlation
provides a lower bound to the overall performance. The differences can be seen in the rod to rod
Gap in Figure 2-9b, where the EPRI shows a linearly increasing trend, while the Arai and CISE
correlation stay constant. It is expected that the range where higher power density assemblies
would exist is somewhere between 1.5 to 4 mm rod-to-rod gap. Therefore, the EPRI correlation
is used as a conservative first estimate of CPR for the design scoping analysis.
The final plot of interest for tight lattice configurations, shown in Figure 2-10, gives for a
fixed heat flux the boiling length effects on the critical exit quality as a function of mass flux.
The results are shown in Figure 2-10 for the EPRI correlation. As seen in Figure 2-10, at about 2
m axial length, there is a bend as the critical quality increases and this bend is relatively
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Figure 2-10 Boiling length vs. critical quality for EPRI correlation.
In conclusion, the EPRI correlation is selected for the ID optimization process as it
provides conservative results compare to other correlations in the design space. The final design
though needs to be evaluated with the VIPRE code for a detailed CPR analysis.
2.4.1.4 Vibration Models
The reason vibration ratio is calculated is to minimize the grid to rod fretting and wear on
the cladding. The current BWRs do not suffer from this issue as seen in Figure 2-11. While the
previous two sections listed correlations that would be justified for use in the simplified ID type
of analysis, the only correlations and methods used previously in assessment of vibration ratio
are of ID type. The general approach is to assume a linear response with only considering the
fundamental mode of vibration. The rod is also assumed to be a hollow tube for conservative
estimates. However, for the case of the HCF rods, the available correlations cannot be applied
and in absence of experimental data, advanced simulation techniques, such as fully coupled flow
and structure in CFD codes, can be utilized [Yamanoa et al., 2011]. However, this provided








Figure 2-11 The primary failure mechanism in PWRs (left) and BWRs (right) [Crawford, 2009].
The previous model used at MIT studies for BWR type analysis is the modified
PaYdoussis correlation, which is the correlation proposed by M.P. Paidoussis but multiplied by a
factor of 15 to include the two phase data collected by Quinn in 1965 [Ferroni, 2004]:
Ymax =15 -5E -6 ui.6 (L /D)1.8 Re.25 .4 r (2-19)
D 1+u2 D) *1+4fl
where fl = mh with mh,the mass of metal and ml,the mass of liquid,,
mh + m1
and ym is the peak vibration amplitude (m), D is the rod outer diameter (m), Dh is the lattice
hydraulic diameter (m), Re is the Reynolds number, u is the dimensionless velocity, L the
distance between the spacer grids (m), 8 is a dimensionless parameter dependent on the mass per
unit length of the hollow rod. The acceptable limit chosen by the previous studies was Y.. / D
value of 0.021, based on a rod diameter of 9.5 mm and the conservative accepted design criterion
for PWR fuel by a study done by Preumont [1982]. The ym. /D criterion was shown to bound
the modified Paidoussis correlation at qualities up to 30% and mass fluxes of up to 2500
kg/m2sec for typical BWR range [Ferroni, 2004]. The primary assumption is that the ratio
should be taken as the limit and not the y. value that the Preumont study reported. Therefore,
this assumption is conservative for outer cladding diameters smaller than 9.5 mm, such as the
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one used for RBWR type geometry. Therefore, in this analysis the vibration magnitude is used
for purpose of comparison. Also, the validity of the 0.021 limit to the modified Paidoussis
correlation was never considered in the previous studies. Also not considered was the range of
the developed correlation, which is listed in Table 2-2.
Table 2-2 The ranges ofparameters for vibration correlation
Parameter Range PWR BWR RBWR
U2 2.le-3-0.8 0.0216 6.80E-03 9.14E-04
Re 2.6e4-7e5 8.OOE+05 6.20E+05 1.62E+05
c 54.3-190 52.6 45.48 19.3
P 4.9e-4-0.62 0.211 0.11 0.067
D 9.5-15.9 mm 9.5 mm 11.18 mm 10.1 mm
The most recent available work on rod bundle two phase flow induced vibration is by
Tsukunda et al. [2002] with tests of two full size 9x9 BWR bundles, each with different water
tube and partial length rod geometry types. The study reported the root-mean-square (rms) of the
vibration amplitude, thus for a comparison to the modified Paidoussis correlation, the rms value
is multiplied by 3 as recommended by Tsukunda et al. [2002]:
Y"ax = 3- 0.189GO.31 L.5 8.35e -4f-2 f DoDh 
_(2_20)
D EIT n 0.5
Where the rod natural frequency is defined by:
7r El
f 2 EI (2-21a)
"2L2 pAr
fnDh (2-21b)frn V0.
where, { is the damping ratio that can be calculated using the Welding Research Council
Bulletin 389. The damping ratio ranges between 1-1.5% for the reference . Since the damping
ratio is not a very sensitive parameter, the welding research council approach is deemed
acceptable. Westinghouse assumes the damping coefficient of 3% for their vibration analysis via
the VITRAN code [Rubiolo, 2006]; therefore the assumed method is conservative.
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By examining the Tsukunda correlation, it can be seen that it has different sensitivity to
changes of many parameters, such as mass flux and quality. However, its prediction of vibration
ratio is on the same order of magnitude as the standard Paidoussis correlation for a wide range of
conditions. A comparison of a standard BWR, a RBWR and a standard PWR can be seen in
Table 2-3 among the three methods of calculation. Table 2-3 also shows the relative impact of
fretting wear and sliding wear compared to a PWR with a previous methodology [Shuffler et al.,
2009]. The fretting wear is estimated using the parameters calculated for Tsukunda correlation
shown in equation 2-20:
Qfretting - ftp3 L (ml + mh) Yrms 2 Tfuel residence time. (2-22)
Similarly, the sliding wear is also estimated using the parameters for Tsukunda correlation:
Qsliding fn fP Tfuel residencetime- (2-23)
Table 2-3 The vibration amplitude and relative fretting and sliding wear for three different designs and
three different models.
y. PaYdoussis y. Modified ym. Tsukunda Fretting Sliding
Type (mm) Paidoussis (mm) (mm) Wear Wear
PWR 0.015 0.224 0.013 1 1
BWR 0.005 0.07 0.004 0.32 0.52
RBWR 7.00E-05 0.001 L.OOE-04 0.01 0.19
According to Table 2-4, the current PWRs already break the 0.2 mm vibration amplitude
limit used in a previous study, which is unrealistic. Therefore, the limit approximately bounds
the vibration ratio to that of a PWR assuming the sensitivities to the correlation are correct. The
assessment of new designs, and associated fuel failure requires higher fidelity approaches such as
use of CFD with VITRAN type of code.
It is always desirable to minimize the vibration amplitude for better fuel reliability. The
ym. calculated by Modified Paidoussis and Tsukunda models (ym. ~L35) is very sensitive to the
number of spans of grids or the length between each grid. Therefore, a small increase in the
overall pressure drop, due to an increase in the number of grid spacers, will significantly improve
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the vibration amplitude according to the available correlations. The goal of this analysis is to
conserve or improve the fuel integrity of the final design compared to the reference BWRs, given
the available models. As mentioned previously, further high fidelity analysis and experiments
need to be made as part of future work.
2.4.1.5 Stability Analysis
Any BWR type system will have susceptibility to two phase flow oscillations of the
density wave type. The widely used industry approach to addressing the stability margin of a
BWR system is through coupling the core wide neutronics with a system wide thermal
hydraulics in the time domain. The other method that was widely used in the past, is the
frequency domain approach, where one lumps the entire kinetic behavior of a nuclear reactor and
assumes it operates using core wide reactivity feedbacks and assesses the plant's hypothetical
response; this is the MIT approach through the STAB code [Hu, 2010], which will be used also
in this analysis. The stability is not used in the design scoping section and will be reserved for
the final design, even though the computational burden using the STAB code is small. This is
acceptable as other design scoping parameters such as the assembly based void coefficient
calculation, fuel height constraint and CPR limits are expected to control the stability of the final
design to a degree that it will not differ much from the reference base design.
There are three oscillation modes in BWR stability analysis that are commonly
investigated. They are core-wide in phase or global instability, regional-wide out-of-phase
instability and single channel thermal hydraulic without feedback instability. These modes'
decay ratios and frequencies are the two main parameters that are calculated in a stability
analysis. The MIT in house code STAB is based on the linearization and Laplace-transformation
of the mass, momentum and energy equations along with the constitutive relations. It is capable
of performing analysis for these three modes of oscillation. Even though, the STAB decay ratio
has underestimated Ringhal experimental data [Hu, 2010], it can still be used as a quick check
and comparison of the final design. The other advantage of using STAB is that it also can handle
HCF rod type geometries, while the HCF rods are not compatible with most time domain
diffusion codes (see Chapter 5). The STAB code also uses simple input file format that can
easily be modified. The core can be modeled by 3 channels: high, medium and low powered
regions. The void fraction correlation used in STAB is the Homogenous Equilibrium Model
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(HEM), therefore overestimating the void fraction. Similar to the void feedback, the fuel
temperature is modeled as a lumped geometry, both for fuel heat transfer and kinetics feedback.
The structures of the core are also modeled using simple lumped parameters resulting into more
stable numerical schemes and solution characteristics than the system level codes.
As discussed before, since the SIMULATE3 code will be used to perform full core
calculations, then the next logical step is to use Studsviks S3K code [Studsvik, 2012], widely
used by utilities to perform stability analysis. The only drawback for using S3K is that there are
no examples or reference models available at MIT. So, the use of S3K is limited to global
stability mode of oscillations as that was the only one that produced decay ratio and frequencies
similar to the ones published in the literature. While the frequency domain STAB code only
considers the fundamental mode through linearization, a time domain code uses time series
analysis to calculate the decay ratio by introducing perturbations to the core control rod or
pressure. S3K provides detailed assembly-wide neutronic and thermal hydraulic capabilities in
BWRs, where it is needed the most. S3K uses the same two group structure as SIMULATE3,
and six equation model per bundle similar to RELAP5. Necessary closure relations are utilized
for defining the boiling curve. The fuel pin heat conduction model is used and capable of
modeling thermal degradation of rods as a function of burnup, an important factor in a stability
analysis. The high burnup fuels typically display very different thermal behavior than fresh fuel
and therefore this effect needs to be taken into account in a stability analysis.
Alternatively, the S3K code can also be used for analysis of transients. The main
advantage of using S3K compared to TRACE/RELAP5 with PARCS/NESTLE is that those
codes typically do not take into account all the physics in the core, an obvious difference
between industry type and academic type of modeling. Yet, the S3K modeling is still under
development as no fission gas release is assumed during power transients.
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Figure 2-12 The validation data base for S3K with 95% uncertainty dashed lines [Grandi et al, 2011].
Most core structures are modeled using built in control variable cards. The default S3K
calculation is performed at 50 ms time intervals with 4 hydraulic steps per neutronic step. The
time descreization and the spatial discretezation produce small dampening effects. Therefore, a
nodalizaiton sensitivity study is recommended to be performed to check on its convergence.
While smaller time steps will lead to less dampening and numerical diffusion, the hydraulic steps
can provide more numerical instability. The S3K has large validation database with the decay
ratio standard deviation of 0.1 which is somewhat large [Grandi et al., 2011]. Unlike STAB or
TRACE/PARCS coupling, there is no bias in the prediction result of S3K, as seen by all the tests
in Figure 2-12, which is an important factor in choosing S3K over the other 3D tools.
2.4.2 Multi Dimensional Thermal Hydraulic Tools
For the optimal final design, as discussed briefly, the channel centered subchannel code
VIPRE is used. The VIRPE code is used rather than the only other available code COBRA as it
provides more user friendly features and up-to-date models. The only other reason to use
COBRA is that it is proven to handle hexagonal lattices. However, the neutronic tools already
limited the scope of the analysis to square lattices. The VIPRE code can provide detailed
CPR/CHFR and fuel temperature distribution in the bundle. The code also has the ability to
model the entire BWR core in detail, if desired. Furthermore, due to its short computation time it
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can be used in transient mode, or sensitivity studies can be done by applying flow, pressure,
temperature, mixing and power perturbations.
The VIPRE code contains the Hench-Gillis correlation and EPRI correlation mentioned
in Section 2.3.1.3. Typically, the GE-Hitachi or plant reported data of minimum CPR lies
between 1.5-1.8 [Exellon 2001 & Fernenn 2006 & AREVA 2009]. Table 2-4 reflects values
close to the axial power shape and MAPLHGR and MLHGR reported in the reports, simulated
from a VIPRE assembly subchannel model. The hot assembly is simulated using 90% of the
average mass flow in a bundle, while the core is assumed to have 13% of the flow through the
bypass area and only 87% of total core flow rate through the assemblies. BWR nominal core
inlet temperature (278.3 *C) is assumed. The VIPRE model for the reference GE9, GE12, GE14
or ATRIUM assembly models gives MCHFR of around 1.2 using the EPRI correlation and
MCPR of around 1.5 using the Hench Gillis correlation. Therefore, in VIPRE, the Hench-Gillis
correlation is used to assess the MCPR limits under both steady state and transient condition for
the reference and the optimized design cases.
Table 2-4 The limiting conditions for simulated hot assembly BWR bundle types.
ATRIUM 12.91 16.55 1.64 1.20
GE9/11 12.56 16.11 1.46 1.17
GE12 10.11 12.89 1.51 1.17
GE14 10.11 12.89 1.54 1.20
The MCPR approach chosen to be used within the VIPRE code provides many
challenges. One of the challenges in accurate assessment of MCPR is that the subchannel codes
available for this analysis are all coolant channel centered codes, while, for BWRs, most of the
codes have rod centered analysis capabilities as well [Sugawara and Miyamoto, 1990].
Therefore, the MCPR from Hench Gillis correlation is expected to be conservative given that
only partial sections of the rod facing the channel have been considered. This is a VIRPE
modelling limitation not considered in the previous analyses by Conboy 2010, Karahan 2006 and
Morra 2003. Another approach would be using the VIPRE subchannel flow distribution and
calculating the CPR using Hench-Gillis correlations on a bundle average basis. This approach
neglects the local power peaking and inner assembly mixing, which could affect the validity of
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CPR for new assembly designs such as the HCF design. Interestingly, neglecting both the local
peaking factors and inner assembly mixing decreases the MCPR values but increases the
MCHFR values among all designs reported in Table 2-4.
Furthermore, numerically it is desired to not model the flow in the bypass region and the
water rods as VIPRE will try to equate the single phase pressure drop in the water rod and bypass
region with the two phase pressure drop in the channels. The above VIPRE assembly models
were modified to account for the follow inside the bypass region and bundle specific water rod
geometries. The conduction model within VIPRE was used to model the heat transfer from the
solid liquid water region to the two phase flow between the rods. It was calculated from VIPRE
that the presence of cooler water in those regions will increase MCPR by an average of 0.1
among the design types. While AMCPR of 0.1 is significant, since the MCPR values in Table 2-4
were close to reported MCPR values, modelling of the heat transfer to these regions were not
made in the present safety analyses of the final design and the HCF rods.
Effective modelling of turbulent mixing is another area of concern when it comes to
accurate prediction of MCPR as described in Section 2.3.1.3. Turbulent mixing is discussed in
more detail in Chapter 4, with the focus on the HCF rods. The exact location of spacer grids,
lower plates and the bundle geometric characteristics are also important in modelling MCPR.
The flow and power boundary conditions can be taken from the core wide SIMULATE3 model
as the leakage path through the core does dictate the flow and power distributions within the hot
bundle, modelled in VIPRE for the final design analysis.
The HCF type rod modeling has been explored by COBRA and VIPRE through using
equivalent hydraulic diameter and flow area and adjusting the turbulent mixing coefficient and
gap sizes to reflect the helical shape. However, the models used within VIPRE are far from their
verified range and produce unreliable results in the HCF cases. Thus, CFD codes can be
effectively used to assess such deviation, both in terms of pressure drop and temperature
calculations of the HCF rods under single phase conditions. For the case of HCF rods, the non-
radially uniform geometry provides azimuthally non-uniform temperature distributions. In this
case due to the 3D nature of the flow and the geometry, the 3D conduction coupled flow models
should be employed. While the subchannel codes have the ability to model 3 dimensional flows
(see Appendix B), they do not have the ability to model 3D conduction in their current form.
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Therefore, CFD packages are used in this analysis by coupling the flow to the solid structure and
analyzing the flow and temperature distribution for HCF type geometry under single phase and
two phase flow conditions. The other important modeling error commonly used in subchannel
analysis is application of a friction factor correlation to 3D flow. Chapter 5 has the expanded
discussion and results of this analysis.
All the available CFD codes possess numerical schemes of at least 2 "d order accurate. The
SIMPLE scheme is commonly used in all codes for steady state calculations, and it is the most
commonly used mode in this analysis. The following is a brief overview of available CFD codes
at MIT:
TransAT [Lakehal, 2005]: Available on Jaguar ORNL cluster, TransAT specialty is the
use of level-set method to perform interface tracking for multi-phase systems. TransAT
is capable of treating any media and approximating its geometry using the level-set
method in a simple cartesian grid. Therefore, this limits TransAT accuracy when
modeling the boundary layer of solids when the level set method is employed. It can also
handle bodyfitted hexagonal grids generated by GridGen, which is not available at MIT.
TransAT has very limited number of Reynolds Average Navier Stokes (RANS) models
and its steady state mode is still under development and validation. While, the HCF rods
have large tangential velocities, the cylindrical rods are limited to mostly anisotropic
RANS type of simulations, which has not been validated for the TransAT code. TransAT
is far less user friendly than the other codes mentioned below in terms of preprocessing,
post processing and parallel computing. While TrasnAT does not offer any advantages in
modeling of the traditional BWR geometries compared to other available CFD packages,
it does provide the ability to approximately solve the general characteristics of flow in
non trivial conditions, such as two phase flow LES level set simulations for the HCF
rods. The LES modeling in TransAT is limited to explicit time stepping. Therefore, the
simulation is very costly even if it is run on thousands of processors on the Jaguar
computer. While, the increase of numerical diffusion through employing this scheme and
modeling of phases is not desirable for proper convergence, it will allow TransAT to be
able to compute approximate physical results for complex problems not achievable with
commercial CFD packages.
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0 STARCCM+ [CD-Adapco, 2012]: The most widely used nuclear engineering CFD tool
today, STARCCM+ offers all the models needed to perform single phase calculations for
the geometry and conditions of interest. It also offers limited two phase flow design
scoping capability for the cylindrical and HCF type rods. STARCCM+ can be used for
the final optimized design analysis, especially if correlations are far from the available
correlations and models such as pressure drop and mixing correlations. STARCCM+ at
MIT-NSE is installed on 48 processors with 200 GB of available RAM, thus capable of
simulating meshes with over 100 million cells. STARCCM+ also has the ability to
simulate fully implicit physics such as LES coupled to structures simulations. One
limitation that hinders the correct modeling of HCF rods is that the two phase Eulerian
field models within STARCCM+ are only compatible with heat flux boundary
conditions, which is inadequate for the HCF rods as they do not have constant wall heat
flux.
0 ANSYS (Fluent and CFX): Similar to STARCCM+, ANSYS provides many models to
be used effectively in nuclear design. The ANSYS user interface provides more user
friendliness and it also has somewhat faster calculation times compared to STARCCM+.
However, a maximum of 4 processors can only be used with the MIT available license,
which limits its use compared to STARCCM+. Also, ANSYS has not been used as
widely as STARCCM+ in nuclear design. In additions, ANSYS has more limited
meshing capabilities than STARCCM+.
The RPI NPhase CFD code was also available at MIT, however, the above three codes
already cover the possible requirements for the BWR optimization and HCF rod analysis.
Furthermore, within the CFD framework, advanced techniques such as modeling corrosion and
vibrations can also be performed for the power density optimization study. However, the
proprietary nature of the BWR spacer grid designs and the limited available published data in
these areas, imposes modeling uncertainties that were comparable to the already available 1 D
empirical approach. Even if such technique resulted into additional power density increase, the
required licensing cost and effort would most likely prohibit it. Therefore, these techniques
lacked enough merit to be used.
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2.5 Fuel Performance Analysis
In order to assess the steady state performance of fuel pins in the core, the FRAPCON 3.4
code developed at Pacific Northwest National Laboratory (PNNL) for use by the NRC in
evaluation of LWR fuel rod behaviors is used [Geelhood et al., 2010]. However, FRAPCON
heavily relies on empirical models, and its applicability to this analysis should be valid as the
constraints on the fuel type and geometry place the design scope within the FRAPCON
capabilities. Specifically, the assumption of limiting the design to low enriched oxide fuel
automatically limits the burnup well within the range of most FRAPCON models. For the final
design, sensitivities of modeling should still be explored to ensure a high margin in the selected
design. The latest version of FRAPCON not only provides many more options to be used with
the code, it also provides the ability to perform sensitivity study. However, as was the case for
stability analysis, the industry fuel performance codes are well ahead of FRAPCON capabilities.
Therefore careful considerations need to be made for the applicability to FRAPCON models to
final optimized design.
At MIT, many studies were carried out on modification of FRAPCON to better model
different phenomena for both fuel and cladding. FRAPCON 3.3 was expanded to support a
variety of properties such as UN [Feng et al., 2011], MOX [Karahan et al., 2010], Th0 2 [Long,
2002] and BeO [Xu and Kazimi, 2012] for fuel and SiC [Carpenter et al., 2007] for cladding. In
addition, FRAPCON EP [Karahan et al., 2010] incorporated new fission gas, fuel swelling and
cladding corrosion and hydrogen pickup models at high burnup. A new PCI model was also
developed, PCMI, accounting for the softness of the pellet during PCI using 1.5 D stress-strain
relation as opposed to assuming a rigid pellet model in the FRAPCON code [Mieloszyk and
Kazimi, 2012].
The main concern in terms of the applicability of the models is the thermo-mechanical
analysis of the cladding for very different geometries. In the case of the HCF rods, the
FRAPCON code is not applicable as the HCF rods present a multidimensional structural
problem. The finite element codes can be used with extreme caution given the small benchmark
data base available for existing finite element based codes. There are two codes available to use
for this analysis: BISON [MOOSE, 2012] and ADINA [ADINA, 2011]. Both code packages are
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capable of analyzing multidimensional coupled problems in parallel computations. The BISON
code is a nuclear fuel analysis code that uses the ELK structural mechanics module along with its
LWR fuel performance models in the MOOSE environment, created by INL. The MOOSE
environment is a finite element based environment that allows modeling of multi physics models.
ADINA is a widely used finite element package developed at MIT. Unlike MOOSE, where the
entire physics domain is fully coupled, ADINA provides a week coupling between the physics
domains. The main advantage of using ADINA is that it has its own CAD and meshing
capabilities while the BISON requires existing mesh files in archaic formats.
As shown from Figure 2-10, BWR fuels suffer greatly from PCI-SCC failures. Therefore
the transient behavior of fuel rods under operation changes such as power oscillations due to
reactivity insertion accidents or instabilities needs to be assessed for the final design to assure the
integrity of the cladding material. The FRAPTRAN code, also developed by PNNL for NRC use
is able to calculate the transient thermal and mechanical behavior of LWR fuel rods [2011]. The
FRAPTRAN can be restarted using FRAPCON data at a given fuel cycle time for the analysis.
As in FRAPCON, the boundary conditions could come from full core data or conservative
assumptions. Unlike FRAPCON, the FRAPTRAN code has the capability of modeling the
temperature, embrittlement, and stress of the cladding in particular during transients through its
oxidation model and mechanical response model. There are many limitations in FRAPTRAN
such as modeling the transient plenum pressure loss of the cladding; however, it can provide a
comparison base to give more foundation for the final design. As discussed, the S3K code can
be used to provide the necessary boundary conditions for a FRAPTRAN analysis, in addition to
available bounding cases available through PNNL.
2.6 System Level Codes
While all of the previous sections have focused on the core modeling techniques, nuclear
reactors do require system wide modeling especially in case of the BWRs. Such system wide
modeling is important to be performed for the final design, as the correct impact of core design
on the reactor systems needs to be quantified. At MIT, there are two system level codes
available, RELAP5 and TRACE [NRC, 2005]. There is one BWR system model available per
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code: Browns Ferry for RELAP5 and Ringhhal for TRACE. Neither plant design is of an
ABWR type as the ABWR vessel possesses only internal pumps while the existing models have
external as well as internal jet pumps. The safety systems such as low pressure and residual heat
removal systems are also very different among the reactor design types. Therefore, the use of
either code requires large modifications to be able to simulate ABWR type of geometry. While,
the numerical scheme employed in TRACE has been shown to be more stable in two phase flow,
there are more drawbacks for using TRACE. The TRACE input file is still in fixed format and
the code structure lacks organization and proper documentation. On the other hand, RELAP5
was previously used at MIT for BWR safety analysis of a LASP concept described in Section
1.2.3. Though, the input files for that analysis are no longer available at MIT code center,
limited files for the base BWR Browns Ferry input deck have been compared to the plant's
safety analysis reports. Therefore, due to the larger experience base, the RELAP5 is chosen to
perform the system wide calculations under steady state and transient conditions. If the coupling
capability was desired then TRACE would have been a better choice as its coupling to PARCS is
available. However, for that approach S3K is preferred as SIMULATE3 is used to provide
detailed power profiles.
In case of HCF rods, the system codes can be applied by modeling the HCF rods by its
equivalent hydraulic diameter and flow area. However, necessary loss coefficients and heat
transfer fouling factors should be used in order to better capture the 3D effects of the HCF rods.
Chapter 5 focuses on using CFD calculations to guide the system codes toward a more precise
solution.
2.7 Economics
In order to assess the potential benefits from the final design a simplified economic
analysis is performed. Table 2-5 shows the assumptions for the economic study in Chapter 3.
This is a similar economic analysis to that for THE IRIS tight lattice core design [Saccherri et al.,
2004]. Since, typically the estimate of actual capital cost for nuclear power plants is very
difficult, the lifetime-levelized unit cost (in mills/kWhre) is used for the comparison of designs.
The total lifetime levelized unit cost (mills/kWhre) is composed of fuel cycle, operation and
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maintenance and capital lifetime-levelized unit cost. This methodology is also recommended by
the OECD/NEA.
Table 2-5 The list of economic parameters based on Ux Consulting Company accessed July 2012,
Saccherri et al., 2004, MITfuel cycle study, 2010.
Plant Specifics
Tails Enrichment 0.25 %







Waste Disposal 1 mills/kw-hre
Decommissioning 1 mills/kw-hre
Shutdown cost 800,000 $/day




Buyback Electricity 30 mill/kwr-hre
Advance Purchase Period




Discount Rate 10 %
To estimate the fuel cycle unit-levelized cost, the capacity factor along with other factors,
such as refueling and recovery listed in Table 2-5 were applied. The traditional mass losses
through uranium mining, milling, enrichment and fabrication were accounted for in the designs.
The governing equation to calculate the fuel cycle cost is:
>LCFN r-TAP, - r
llUFCC =8.766SP -rL L _1-e- +llu, (2-24)
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Where, CFN and TAPN are the Nh cash flow per kgU and the advance purchase times in Table 2-
5, r is the nominal discount rate, 17 is the thermal efficiency, 8.766 is the 8766 hr/ yr divide by
1000 mills /$, SP is the specific power (kWth/kgU), TFL is the fuel lifetime in the core and L is
the availability factor. The availability factor is calculated by:
L=Le(1 -TR/Tc), (2-25)
where Le is the capacity factor and TR and Tc are the refueling outage and the fuel cycle length in
days, respectively. The frontend specific costs used in Table 2-5 are based on the Ux Consulting
Company accessed July 2012. The recovery cost due to buyback of electricity and shutdown
costs are calculated based on the availability factor for the fuel cycle backend cost. The listed
price of buyback electricity in Table 2-5 is mainly a function of the electricity market.
2.8 Optimization Scheme
There are many parameters that have been described for the BWR reactor design, and
efficient search algorithms can provide an approach to not only save computational time but also
analyze non trivial geometry. The other approach is to perform the detailed analysis of every
possible design with small perturbations. This task is extremely time consuming, hence, the ID
modeling described in the previous sections of this Chapter can be employed to save
computational time. The ID modeling described not only captures the important parameters in
the design but also allows for fast calculation times per design type (<2 seconds of computational
time). Outside of the ID models, the most time consuming part of the design is the CASMO4e
part, where a single desired run with the void and control rod perturbations to give the necessary
information for the restrictions of the design space, takes an average of 90 seconds. Therefore,
for the design space given in Figure 2-13, there are 77 trillion combinations of designs that need
to be evaluated which will take 730 million years of man hours on a single processor to finish.
Thus, an optimization scheme is desired to be employed to reduce the need time by removing the
designs which violate the imposed design restrictions.
As mentioned in Chapter 1, while the large power density increase (which ties into
economics) is the main goal of the analysis, one should also consider the licensability (which ties
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into safety) as well. Under those conditions, then a multivariate optimization scheme is needed.
Multivariate optimization is commonly used in many engineering discipline and available as part
of MATLAB code package. However, the best approach to multi variant optimization is through
sampling, which still requires a large number of runs to formulate the space through genetic
algorithms. It is well known in BWR reactor design that the use of genetic algorithms is still not
able to entirely compete with the expert design experience due to the large number of optimizing
parameters [Turinsky et al., 2005]. Therefore, the optimization process will be based of the
author's extensive experience in LWR modeling, and reduces the dimensions of the problem to
optimizing one parameter which is the power density.
For this analysis, the Simulated Annealing (SA) technique available in MATLAB is used as
it has been extensively used in nuclear reactor design in the past [Verhagen et al., 1997].
Simulated annealing optimization is based on the simple gradient method optimization scheme to
capture the global optimum point in the search space. The scheme was inspired by annealing in
metallurgy, a technique involving heating and controlled cooling of a material to increase the
size of its crystals and reduce their defects. SA is employed by first constructing a random
solution and applying those parameters to calculate the optimization parameters, and then
focuses on the solutions that give the best results in the design space. The T (or temperature) in
the algorithms controls how much each variable can be varied. The ability to be able to go
"uphill" is a unique feature of SA which makes it avoid traps in local optima, which is why SA is
called a generic probabilistic metaheuristic optimization approach.
2.9 Methodology Summary
The summary of the design space and the optimization routine is represented in Figure 2-
13. The models and tools applied for these parameters, in addition to the final design study and
the HCF study in Chapters 3 and 4, respectively, were discussed. While some of the limits of
Figure 2-13 were derived by applying judgment and hypothetical licensable limits, this design
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Chapter 3 New BWR Design Features
3.1 Steady State Performance
The Chapter 2 optimization processes and methods yielded to a new BWR with High
power Density design, the BWR-HD. The BWR-HD design is compared to the reference ABWR
design in Figure 3-1. The design parameters listed in Figure 3-1 are based on full core
SIMULATE3, hot assembly VIPRE and ID vibration method analysis described in Chapter 2.
The sensitivity of the BWR-HD final design given here to the design space parameters and
methodology are discussed in more detail in Section 3.2. The input file of each design can also
be found in Appendix D.
Core Power Density (kW/L) 50 82
Total Power (MWth) 3926 5000
RPV inner diameter (m) 7.1 7.6
Total Core Flow Rate (kg/s) 14502 14200
ByPass Flow Fraction (%) 13.9 13.4
Number of Assemblies 872 872
Average Enrichment (wt%) 4.2 4.0
Upper Plenum Exit Quality (%) 15 19
Core Average Void Fraction (%) 44 46
Fuel temperature coef. (PCMIC) 1.6 1.6
Void coefficient (PCM/% void) -78 -65
Average Linear Power (kW/m) 13.23 10.86
Specific Power (kW/kg) 26 43
Core Inlet Temperature ( K) 552 548
Mass Flux (Hot) (kg/m 2-s) 1193 (1145) 1400(1288)
Assembly PF BOC (EOC) 1.4 (1.56) 1.38 (1.6)
MCPR BOC (EOC) 1.58 (1.47) 1.56 (1.42)
Hydrogen to Heavy Metal Ratio 4.32 4.67
Assembly Pressure Drop (kPa) 125 96
Assembly Inner Dimensions (cm) 13.35 14.80
Fuel Pins/Water Rods 92/2 220/9
Assembly Loading (kgU) 175 132
Active Rod Height (m) 3.7 2.4
Fuel Pellet OD (mm) 8.76 6.00
Fuel Pin OD (mm) 10.26 7.00
Clad Thickness (mm) 0.6 0.42
Fuel Pin Pitch (mm) 12.95 9.00
Number of Spacer Grids 8 6






W Rod 8.61 18.32
Bvpgw 49.25 64.09
Total 149.27 177.87
Figure 3-1 Comparison of the ABWR and BWR-HD steady state design parameters and their assembly
designs showing water rod and enrichment distributions (colors correspond to enrichments).
As shown in Figure 3-1, the main difference between the ABWR and the BWR-HD design
is the smaller rod diameter, with the pitch to diameter ratio remaining relatively the same. The
average void fraction in the core has also been preserved, though the H/HM ratio of the BWR-
HD is slightly higher than the ABWR, resulting in slightly lower plutonium concentration at
EOC. The other feature that is different is the fuel rod length which has been decreased by 1.3 m.
The exit quality has been also increased from 15% to 19%, while the core average void fraction
is only increased by 2%, inconsistent from the expected 5% change from drift flux correlations
[Todreas and Kazimi, 2010]. The reason for the smaller void fraction difference between the
designs is the increase in heat transfer to the bypass flow region due to the presence of 4 *C
cooler bypass flow rate. The BWR-HD inlet core temperature is lower as the core outlet quality
has increased with the feedwater inlet temperature remaining the same as the ABWR design.
These two changes result in lower total pressure drop and a flow rate that is comparable to the
ABWR of 20% less power compared to the BWR-HD. The vessel diameter, which is the largest
vessel size possible to manufacture today in Japan, is larger than the ABWR to accommodate the
larger assembly length of the BWR-HD. There is sufficient margin for shrinking the vessel
diameter and changing other parameters, such as cladding thickness, if they are found
unacceptable in terms of their market appeal while maintaining most of the BWR-HD design
incentives. The CPR ratio is almost conserved between the two designs as the BWR-HD takes
advantage of the same strategy that the BWR assembly designs' have utilized in the past by
decreasing the rod average linear power. The BWR-HD further enhances the CPR by decreasing
the mass flux to increase the CP as the quality increases, so that CPR is similar to the ABWR
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assembly design. The maximum peaking factor as a function of burnup are also almost
conserved between the designs, therefore the comparison of MAPLHR and MLHGR is not
needed as the HPD-design has lower nominal linear heat rate. The higher leakage due to the
shorter length and slightly higher void fraction does impact the safety void coefficient as listed in
Figure 3-1. The loss of neutrons due to leakage is compensated for by increasing the length of
the axial blankets and slightly reduced production of plutonium along with better moderation due
to increased bypass flow area. The bypass flow area was increased too, so that the inter-
assembly gap is the same as ABWR-II to be able to accommodate larger control rods to meet the
ShutDown Margin (SDM) requirements. The vibration amplitude is only 30% higher as the
BWR-HD has the grid axial spacing at 40 cm compared to 50 cm for the reference ABWR
design. The decrease in the spacer to spacer span overcomes the vibration amplitude increase
due to the smaller diameter pins.
3.1.1 Neutronics Performance
3.1.1.1 Neutron Spectrum
Typically, to perform any neutronic design comparison, the spectrum of the designs is the
first step in the comparison. As listed in Figure 3-1, the H/HM ratio of the BWR-HD assembly
is slightly higher than the reference ABWR assembly, even though its average void fraction is
higher. This is mainly due to the much larger bypass flow region and higher ratio of water rods
to fuel rods in the BWR-HD assembly design. Figure 3-2 reflects the consequence of having a
higher H/HM by displaying higher relative thermal peak for the spectrum comparison. The
higher thermal peak better utilizes the U235. However, its performance will deteriorate as
0.025% less total fissile/total plutonium is generated at the end of this equilibrium cycle. The
fast flux is also relatively larger in the BWR-HD due to the higher coolant-void fraction. The
larger relative size and a more heterogeneous assembly design of the BWR-HD allows for more
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Figure 3-2 The normalized spectrum of the ABWR (50 kW/L) vs. BWR-HD (82 kW/L) assembly.
3.1.1.2 Excess Reactivity and Shutdown Margin
The equilibrium cycle excess reactivity of the two designs with their associated axial power
peaking at BOC and EOC can be seen in Figure 3-3 for a four batch cycle with a burnup of 14.4
MWD/kg. The burnup is conserved to 14.4 MWD/kgU among the two designs to be able to
make an effective comparison. The ABWR reactivity matches closely the reference ABWR
neutronic model [Fennern, 2007] and the BWR-HD excess reactivity. Excess reactivity is
desired as it gives the reactor operators margin to operate the complex BWR core with
flexibility. The main parameter that would provide a fair comparison between the two designs in
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Figure 3-3 ABWR vs. BWR-HD equilibrium cycle excess (a) reactivity and (b) axial core power shape.
The shutdown margin can be calculated by first simulating the zero power cold conditions
using SIMULATE3 at different burnup steps with all control rods in and assuming no presence
of Xenon and Samarium. Then full core 3D calculations are performed by removing each
control rod bank to find the highest worth control rod bank. The minimum shutdown margin is
calculated by how far the reactor is from criticality with the worst stuck control rod all the way
out. Figure 3-4 shows the minimum shutdown margin as a function of burnup during each
design's equilibrium cycle. The BWR-HD shutdown margin in Figure 3-4 at BOC is right at the
minimum limit of 1%, which does not allow any margin. The design is actually able to achieve
the 1%, as the average shutdown worth of a rod is around 3% at the minimum point. Therefore,
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-- ABWR
with reshuffling of the core, the desired shutdown margin above 1% can be achieved. However,
that comes at a cost of some enrichment penalty. The important conclusion that can be drawn
from Figure 3-4 is that satisfactory shutdown margin at the BOC, which is the most limiting
time, can be achieved with core reshuffling. This is achieved through smarter core loading
patterns with industry type GUI software or MIT developed GUIs that would make the core
shuffling process easier than the tools used in this analysis. However, for comparison the shuffle
scheme for both designs were kept constant as both designs have the same number of assemblies.
It is also worth noting that the shutdown margin will always be more of a challenge in this type
of reactor compared to a typical ABWR core, as shown in Figure 3-4, due to the operation at
higher leakage and void fraction. Furthermore, the shutdown margin analysis implies that the
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Figure 3-4 The shutdown margin ofthe reference ABWR [Fennern, 2007] vs. predicted ABWR and BWR-
HD margin by the SIMULATE3 models.
3.1.1.3 Void Coefficient and other Reactivity Coefficients
The calculation of the void coefficient of reactivity as a function of burnup aims to verify
that it is negative. The void coefficient of reactivity can be calculated by freezing the nodal
parameters within the SIMULATE3 core model and perturbing the water density in the core by a
scalar factor. Such approach is taken to separate the effect of void reactivity from other
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parameters. However, there are different definitions of void reactivity that could be used. One
approach for defining void reactivity is to change the average axial void fraction and find the
difference in the average infinite multiplication factors. This approach does not take into
account the core leakage and will underestimate the void reactivity. Another approach is to take
the average of axial void reactivity at each axial level and average the reactivity over the range
that the void fraction is positive. This approach weights void fraction change at each axial level
and gives a more accurate assessment of the void coefficient, though it still does not account for
leakage effects. A third approach, which is the recommended approach as it produces values
close to literature, is to use the change in core keff and the change in core average void fraction to
obtain an accurate assessment. As seen by Figure 3-5, the BWR-HD has about 23% and 33%
smaller void reactivity coefficients at BOC and EOC due to the higher leakage and void fraction
of the equilibrium core.
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kmf Average -59.0 -43.5 -15.0 6.5
Axial kjgf Average -75.4 -59.3 -44.2 -22.0
keff Average -78.9 -67.7 -60.8 -45.3
Figure 3-5 The void reactivity calculation for the ABWR and BWR-HD designs.
Other than the void coefficient that is used for both safety and stability analysis, other
reactivity parameters can be calculated directly by SIMULATE3. As listed in Table 3-1, the
Doppler coefficient remains relatively the same for the two designs, even though the BWR-HD
has lower fuel temperature. The distributed Doppler coefficient is the reactivity change
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associated with a change in fuel temperature with the same spatial distribution as the power
divided by the change in the average fuel temperature, while the uniform Doppler coefficient,
which is used more traditionally in safety analysis, is the reactivity change due to a uniform
change in fuel temperature divided by the change in the averaged fuel temperature. One
important measure of reactor kinetics safety is the power defect which displays the change in
reactivity due to a change in power. While the void reactivity is 25% lower for the BWR-HD, as
shown in Figure 3-5, the power defect is only 15% lower for the BWR-HD design. Similar to
other coefficients, the moderator temperature coefficient and the flow coefficients are less in
magnitude for the BWR-HD compare to the reference BWR-HD but still negative.
Table 3-1 The ABWR vs. BWR-HD reactivity coefficient comparisons.
Distributed Doppler Coefficient -2.95 -3.06 -2.92 -3.19 pcm/K
Uniform Doppler Coefficient -2.23 -2.16 -2.23 -2.12 pcm/K
Power Defect -370 -389 -318 -314 pcm
Pressure Coefficient 1.14 1.15 0.74 0.72 pcm/kPa
Moderator Temperature Coefficient -100.78 -96.37 -62.55 -57.64 pcm/K
Flow Coefficient 29.78 31.56 19.85 18.49 pcm/% Flow
3.1.1.4 Summary
The neutronic performance of BWR-HD is deemed promising as it maintains the required
reactivity coefficients at BOC and EOC. The BWR-HD design produces 25% more power than
the reference ABWR model, while maintaining the same core average enrichment to burnup
ratio. The ability of using the standard N-lattice cruciform rod configuration was demonstrated
at the BOC limiting condition. However, as mentioned, the shutdown margin in a core model of
the BWR-HD will be more limiting compare to the reference ABWR design. The large number
of GE cylindrical type water rods in the BWR-HD, also makes the BWR-HD design a great
candidate for the HITACHI Spectral Shift Rods (SSR) technology [IAEA, 2004], to enhance its
core burnup and fuel cycle performance.
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3.1.2 Thermal Hydraulics Performance
The BWR-HD higher exit quality is associated with operating at 15% lower mass flux than
the ABWR. Hence, the CP can be higher or lower than that of the ABWR. But the operating
LHGR is 20% lower than that of the ABWR, increasing its MCPR margin to compensate for the
MCPR decrease due to the smaller hydraulic diameter as listed in Figure 3-1. The hot assembly
power is rated at 145% of the nominal assembly power rating. The core average and hot
assembly void fractions and fuel average temperatures are shown in Figure 3-6 from
SIMULATE3 and hot assembly VIPRE calculations, respectively. As seen, the average void
fraction for both designs is about the same. However, the BWR-HD has shorter subcooling
length compared to the ABWR design and slightly higher exit void fraction, both of which will
affect the design stability performance. While both VIPRE and SIMULATE3 use the same void
fraction correlations, the reason for the bumps in core void fraction in Figure 3-6a is due to
SIMULAE3 modifying the EPRI void correlation at spacer grids or tie plate locations. From
Figure 3-6b, it can be seen that the BWR-HD design has a lower fuel average temperature for the





















Figure 3-6 The core and hot assembly voidfraction (a) and average fuel temperature (b) for ABWR and
BWR-HD designs.
The core axial pressure drop is shown in Figure 3-7, exhibiting the lower BWR-HD total
pressure drop even with smaller hydraulic diameter and smaller pitch between spacer grids. The
lower pressure drop is mainly due to the lower mass flux and lower length of the BWR-HD
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The last thermal hydraulic parameter shown in this section is the distribution of the
quality and void fraction at the hot assembly outlet of the ABWR and BWR-HD designs. Figure
3-8 shows that there is a wider range of outlet quality and void fraction within the BWR-HD
compared to the ABWR design. This implies that the MCPR calculation should include both the





Figure 3-8 Distribution of (a) outlet quality and (b) voidfraction for the ABWR (left) and the BWR-HD
(right) designs.
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3.1.3 Fuel and Cladding Performance
As mentioned in Chapter 2, the FRAPCON code is used to model the BWR-HD's fuel
performance. In order for the BWR-HD design to meet the desired BWR traditional 2 year
cycles, it will need to reach bumup of 100,000 MWD/MtU. While the BWR-HD rod is
simulated to those extreme burnup, its performance at higher burnup is left as future work as the
design parameters in Figure 3-1 are derived based on conserving the fuel bumup between the
BWR-HD and the reference ABWR design. Unlike the other part of the analysis where an
ABWR geometry was modeled for comparison, an existing BWR pin model used by the
FRAPCON team is used as its modeling assumptions matches closely the codes benchmarked
models and provides a more accurate basis as well as introducing more conservative modeling
assumptions. Table 3-2 lists the parameters used by FRAPCON that are changed to incorporate
the BWR-HD design specifications. All other parameters such as the gas plenum length and gas
fill pressure were kept the same for the two designs.
Table 3-2 The FRAPCON model parameters different from the Reference for the BWR-HD design.
Clad Thickness 0.711 0.422 mm
Gap Thickness 0.102 0.061 mm
Fuel Pin Pitch 14.27 9.0 mm
Outside Diameter (OD) 11.2 7.0 mm
Plenum spring OD 9.728 6.126 mm
Enrichment 4.31 4.56 %
Total Length 3.71 2.4 m
Average LHR 13.23 10.86 kW/m
While the enrichment is a function of the cycle length desired, FRAPCON shows very little
sensitivity to the varying enrichments and therefore the nominal model enrichment is used for the
BWR-HD design. For power history, a linear decreasing power profile from 1.5 to 0.5 the
average linear power is used. The nominal reference axial power shape is also used for both
types of fuels (chopped cosine with 1.1 peaking).
In addition to the parameters listed in Table 3-2, the fast neutron flux per specific power for
a pin in the BWR-HD design needs to be specified. Using the SERPENT assembly neutronic
code, the fast neutron fluence above 1 MeV is estimated to be only 5% higher than the reference
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ABWR assembly. A sensitivity analysis of the calculation of fast fluence can be found in
Section 3.2.2.
During the fuel residence time in the core, the fuel pellet radius changes by variety of
different phenomena. In FRAPCON, densification, swelling, thermal expansion and relocation
are separately modeled and applied to the fuel structure separately. The effects of these four
phenomena are shown for the two designs in Figure 3-9. It is further stressed that after about
1000 days of operation for the BWR-HD, the same burnup is reached as after 2000 days in
operation of the reference design. Therefore, the midpoint of the FRAPCON figures below
corresponds to the same burnup as the end point of the reference design.
The total diameter is shown in Figure 3-10, the pellet outside diameters are different in the
two designs. The percentage of increase in pellet radius can be used as a measure of comparison.
On that basis, similar increase in percentages vs. burnup is obtained. As for the specific
phenomena, initially the relocation significantly dominates for the BWR-HD and the reference
design. In FRAPCON, LHGR and burnup are the main factors in the calculations of the
relocation model. The BWR-HD has lower LHGR but higher burnup at any given time
compared to the reference design. However, the pellet clad gap, as inferred from Figure 3-12,
will close much faster in the BWR-HD design, which linearizes the relocation. At the end of life






























Figure 3-9 The fuel radius change (a)for the reference and (b)for the BWR-HD designs.
As seen in Figure 3-10, the pellet diameters in both designs are very different and the
BWR-HD pellet diameter increases by less than one tenth of an inch at 100 MWD/kg burnup that
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Figure 3-10 The pellet outside diameter for the reference and BWR-HD designs.
Figure 3-11, shows a plot of fuel centerline temperature for both designs at the highest
temperature node. The drop in the centerline temperature is mainly caused by the decrease in the
assumed LHGR power history. Initially, at BOL, the BWR-HD centerline is 500 degree F lower
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than the reference model due to a lower LHGR and the smaller pellet outer diameter. As shown,
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Figure 3-11 The average fuel temperature of the BWR-HD and Reference rods.
The reason for bends in the BWR-HD fuel dimensions at about 600 days in both Figure 3-9
and 3-11 can be seen in the pellet-clad contact pressure contact plot in Figure 3-12. It shows that
after the pellet contacts the cladding, a very fast rate of the increase in contact pressure occurs.
However, as far as the maximum magnitude of such pressure increase is concerned, it seems to
be on par with the reference design. There are multiple reasons for the earlier contact time, but
the specific power is the main one, as in the case of BWR-HD. It is almost twice as in the
reference design. In addition, less gap thickness in the BWR-HD compared to the reference
design, due to the smaller pins, contributes further to the earlier contact time. It is noted that in
FRAPCON, the pellet is modeled as a rigid structure; therefore the contact pressure between the
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3-12 The pellet-clad contact pressure for reference and BWR-HD designs.
Another reason for the earlier contact of the pellet and cladding for the BWR-HD design is
the slightly higher hoop stress of the cladding at BOL, which is shown in Figure 3-13. As seen,
the hoop stress behaves similar to the contact pressure, shown in Figure 3-12. The fuel behavior
after the contact point will be discussed in more detail in Section 3.2.4. The overall magnitude
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The hoop strain is also very important parameter that needs to be examined as a function of
cycle length. In US, the NRC recommends a +1% limit of the clad hoop strain, mostly to avoid
any flow restrictions in the subchannels of the core that may lead to early dry out conditions.
Also, to ensure cladding material integrity, high strain values are not desired in all directions.
Figure 3-14 shows the cladding hoop strain vs. bumup for the two different designs at the peak
LHGR axial node. While there are large fluctuations in the BWR-HD over time, the minimum
and maximum magnitudes of strain are similar to the reference case. Though, the effect of faster
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Figure 3-14 The cladding strain for reference and BWR-HD designs for the peak axial node.
The last plot that is related to the pellet-clad interaction history and the gap conductance
evolution as a function of time. The gap conductance can change as the pellet and cladding
dimensions change. As seen in Figure 3-15, the gap conductance increases as the pellet and clad
approach their contact. This constant increase is the reason why the fuel temperatures in Figure
3-11 shows a sharper decrease in temperature sooner for the BWR-HD case compared to the
reference case. However, the fuel burns faster and the gap conductance drops more significantly
for the BWR-HD case, which explains why the fuel centerline temperatures for both designs are
about the same, in Figure 3-11, at end of life. The gap conductance also plays a major role in
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Figure 3-15 The gap conductance for reference and BWR-HD for the peak node.
Corrosion and hydriding are two of the main cladding degradation mechanisms. The
Zirconium-water interaction to produce ZrO 2 and Hydrogen is the main driver of this
phenomenon in light water reactors. As the cladding is irradiated and picks up hydrogen, its
ductility will keep decreasing. The hydrides can become crack initiation points perpendicular to
the stresses and can penetrate the cladding in the radial direction. This preferential precipitate of
the hydrides needs to be accounted for as a function of hoop stress near the zircaloy's oxide
layer. Typically, the amount of hydrogen picked up by the cladding compared to the oxide
generated on the cladding is of an order of 10-25%. The fast fluence on the cladding tends to
makeamorphous some of the protective surface oxides. It has been shown that at high burnups,
the zircaloy's corrosion is accelerated. Furthermore, recent studies have shown that the increase
in corrosion is not due to an increase in diffusion due to fast neutrons disfiguring of the oxide
layer, by observing no change in corrosion rates when switching from oxygenated to
hydrogenated water chemistry. It is the redistribution of Fe in the Zr oxide layer phase due to
irradiation, which is the main reason for acceleration of corrosion due to irradiation [Ledford et
al., 2010]. Figure 3-16 shows the oxidation thickness of the peak LHGR axial node. As seen in
Figure 3-16, the BWR-HD at its designed bumup has the oxidation thickness of about 0.0 15 mm,
while the ABWR has 0.027 mm at the same burnup. However, if the percentage of oxidation
layer thickness relative to cladding thickness is considered, then the reference design has 3.8%
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Figure 3-16 The oxide thickness on the cladding for the reference and the BWR-HD.
The hydrogen concentration buildup rate behaves differently from the oxide thickness
buildup rate, as shown in Figure 3-17. Hydriding is an issue for current cladding materials, and
is related to the water-zirconium reaction as well as to radiolysis due to the disassociation of
water. As seen, the concentration of the hydrogen for the EOL of the reference design is at 115
ppm and for the BWR-HD is also at 115 ppm at the same burnup. However, it reaches 10000
ppm for the EOL of the BWR-HD. Therefore, the rate of corrosion and embritlement even with
the smaller cladding thickness is deemed acceptable. However if higher burnups are desired,
then the corrosion and hydriding will be enhanced and a new cladding composition should be
developed. The sensitivity of the FRAPCON 3.4 hydrogen pickup model to burnup is further
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Figure 3-17 The hydrogen pickup of the claddingfor the reference and the BWR-HD designs.
In Figure 3-18, the plenum gas pressures are presented. Both designs have nearly equal
plenum gas pressures at the same burnup levels. However, the BWR-HD shows a more rapid rise
in the plenum gas pressure at higher bumups as observed in Figure 3-18.
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Figure 3-18 The plenum gas pressure for the reference and the BWR-HD designs.
The main reason for such high plenum gas pressure toward the end of life for the BWR-HD
design can be seen in Figure 3-19, which is the percentage of fission gas release from the fuel.
The gas release rate is greater as the end of life and a value of 5.9% is reached. However, if at a
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Figure 3-19 The fission gas release of the reference and the BWR-HD designs.
In conclusion, the BWR-HD performance as predicted by the standard FRAPCON model
shows a different behavior than the reference model. The validity and sensitivity of the
parameters that might limit the BWR-HD performance in FRAPCON are addressed in Section
3.2.4. Overall, the BWR-HD design did show promising and comparable performance to the
reference design, as long as the burnup level of the designs are comparable.
3.1.4 Economics
There are two economic strategies that can be pursued with the BWR-HD design. The high
bumup nominal cycle length, or nominal burnup, shorter cycle length compared to the reference
design. Perhaps, with advances in cladding material development and techniques to reduce
enrichment costs, the high burnup approach will be desirable. However, most LWRs in the
world operate at <5% enriched uranium and due to the fuel performance results in the previous
section, there is little change in terms of important limits for the BWR-HD fuel at nominal
burnup relative to the reference design. It is important to note that the utilities in the US strongly
support a longer fuel cycle as it provides a higher capacity factor. While the high capacity factor
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seems to be a motivating goal for economic performance, in reality other countries have pursued
shorter cycle, such as an annual fuel cycle in France and Japan until recently. Furthermore, the
BWR-HD was purposely designed for 1650 MWe, which is 25% higher than the ABWR and
43% higher than the AP1000 output, utilizing the economy of SCALE to provide very
competitive economic performance and be able to rightfully justify a shorter fuel cycle not
desired by US utilities. However, the annular cycle was achieved with just 4.0% core average
enrichment, therefore with a more optimized spectrum and utilization of the margin built in the
design, then there is still could be a potential to go to 18 month cycle. This is left as future
work.
The usual mining, conversion, enrichment and fabrication costs can be applied to a core
with Figure 3-1 specifications. However, two issues will be raised, one is the scaling of the
fabrication costs for the shorter fuel, and two is the economic impact of the shorter cycle length.
The fabrication cost only accounts for 6% of the total fuel cycle cost. Even though fabricating
2.4 m of fuel might not be 50% less than the cost of a 3.7 m fuel, the changes in the fabrication
cost will have a small impact on the fuel cycle cost. As far as the fabrication of the assembly
itself, as seen in Figure 3-1, there are almost no new features in the BWR-HD that are not
employed currently in BWR assemblies. The cost of fabrication of smaller pellets and pins as
they deviate from current LWR geometry is also uncertain. Furthermore, the core contains the
same number of assemblies as the ABWR with the assembly weight actually being lighter than
the current reactors, which does not require any changes in handling of the assemblies.
However, the fuel will occupy larger space in current spent fuel pools as the assembly cross-
section area is larger.
The second issue is the more important one, as a shorter cycle length requires knowledge of
many parameters and the parameters' scalability, such as cost of refueling and maintenance.
There is also the impact of an outage on the electricity not produced and needed in the utility
grid. If so, at what cost? Overall, the reason plants have favored longer fuel cycles is that they
have been shown to be more economical. However, if the design is limited by the cladding
performance and will give almost the same energy in half the time, then there could be an
incentive for the shorter cycle length design. Table 3-3 shows the assumed parameters for the
economic study based on previously used methodologies [Shirvan et al., 2010]. The same cost
of shutdown and number of days of outage is assumed in terms of personnel cost and man power
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for both the reference and BWR-HD designs. This is on the conservative side for the BWR-HD
design as the refueling frequency is doubled, which could imply shorter outage times, as the
inspection and maintenance tasks form a shorter list. The 3.4 years of fuel resident time is
somewhat good for the utility as the outage will take place almost at the same time yearly, as
suppose to 2 years. This allows for the outage to take place in non-peak times of the year similar
to a 2 year cycle. As recalled, the core average enrichment for both designs is the same. The
0.3% increase in the enrichment cost assumed in Table 3-3 compared to the reference ABWR, is
due to neglecting the fuel active height axial blankets. This assumption unnecessarily increases
the cost of the BWR-HD assemblies but is fair as the BWR-HD core design has less flexibility to
be optimized compared to the ABWR. As investigated in Section 3.1.1, the BWR-HD limiting
shutdown margin limits could bring upon enrichment penalties for the cycle designs.
Table 3-3 The list ofdesign specific economic parameters for ABWR and BWR-HD.
Plant Specifics
Discharge Bumup 58000 58000 MWD/MtU
Uranium Enrichment 4.1 4.2 %
Total Fuel Lifetime 5.1 3.4 years
Uranium Fuel 152,600 112,100 kg/cycle
Total Thermal Power 3948 5000 MWth
Specific Power 26 43 kWth/kgU
Plant Operation Parameters
Cycle Length 18 12 month
Cycle Burnup 14,400 14,400 MWD/MtU
Refueling Period 25 25 day
Number of Batches 4 4 -
Figure 3-20 shows the fuel cycle economic results derived from Table 2-5 and 3-3
specifications. The line up to the fabrication cost shows the front end fuel cycle cost of the two
designs. The BWR-HD frontend cost is cheaper by 14% or about 1 mils/kW-hre. The rest of the
cost is due to outage and waste and decommissioning costs. The shutdown cost due to outages
amounts to 7.8% and 10% of the overall cost as shown in Figure 3-20, while the recovery cost
due to buying electricity during the outage amounts to 13% and 20% of the overall cost for the
ABWR and BWR-HD, respectively. In some electricity markets, the buyback of electricity is
not practiced which will improve the BWR-HD's economic performance. It is concluded that the
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BWR-HD design provides the same total fuel cycle costs per unit energy as the reference design,












Figure 3-20 The economic performance ofthe ABWR and the BWR-HD designs.
In the technical IAEA report on status of nuclear power operation in 2004, as shown in
Figure 3-21, the fuel cycle cost without reprocessing totals to 20% of the total cost which is
consistent with the MIT fuel cycle study [Kazimi et al., 2010]. Using the same model, HITACHI
concluded that an increase in power by 26% for their ABWR II design that has the same power
level as the BWR-HD, the capital and O&M cost is estimated to be reduced by 20%, accounting
for upgrade for the turbine and added piping and equipment due to the power increase. This
reduction is also consistent with estimated construction of a standard ABWR vs. the uprated
ABWR calculated by TVA in 2004 for a US site [TOSHIBA, 2005].
FFel
Figure 3-21 The power generation cost breakdown in Japan [IAE A, 2004]
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Since the BWR-HD does not introduce any undeveloped technology or costly changes for
the core, and vessel manufacturing, it is expected that it will also be able to reduce the plant
capital cost by 20% compared to the ABWR designs. Furthermore, the reactor vessel, which is
the most expensive component in a reactor, can be reduced in size. The shorter length of the
core, introduces 5 times length saving in the vessel and surrounding structures:
1. Shorter vessel due to reduction in high of the core.
2. Shorter vessel due to the reduction in the length of the control rod inside the vessel.
3. Space outside the lower RPV head for the control rod drives.
4. Space below the control rod drive in order to completely remove them for maintenance.
5. Space above the RPV during refueling to meet minimum shielding needs for fuel
movement.
The shorter core does provide the BWR-HD with higher neutron leakage and an increase in the
fluence on the vessel wall and structures. However, the core upper structures are easily
replaceable, and the RPV is shielded by the thick water region in the downcomer to
accommodate pumps. In general, the concern for life reduction due to radiation assisted RPV
embitterment is more relevant in case of PWRs than BWRs as the BWR-HD still has lower
power density and much thicker body of water for shielding the vessel compared to a PWR such
as the reference AP1000 design. Specifically, the ABWR design has 20 times less fluence than a
BWR4-6 due to its wider gap in its 40 years of operation according to its NRC design
certification.
Not accounting for the capital cost reduction in the shorter vessel cost still leaves the
BWR-HD with 19% overall savings compared to the ABWR design power generation cost in
addition to producing 25% more revenue. This large economic incentive of going to the high
power density is what the study originally intended and is soundly realized through the BWR-
HD design.
3.2 Sensitivity of New BWR to the Used Methodology
Chapter 2 described the methodology and mainly focused on the applicability of models
to the conditions simulated in the design space search. The previous three sections described in
detail the final BWR-HD design features and now it is important to perform sensitivity studies to
ensure the BWR-HD robustness to the methodology used for each piece of modeled physics.
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3.2.1 Design Space Sensitivity
It is important to assess how the optimization study described in Chapter 2 reached the
BWR-HD geometry. The minimization of the volume occupied by the core results in the highest
possible achievable power density. The geometric equation for the minimization of volume is
trivial and therefore the SA search for the highest power density is straight forward given an
assumed power level. Table 3-4 lists the optimization process marching to the BWR-HD design.
As seen the final optimization design was not used for the BWR-HD final design. The initial
guess is the minimum or maximum of the design space parameters listed in Figure 2-13 that
would result into the largest power density increase. The only quantity in Table 3-4 that would
be non trivial in its role to achieve the highest power density is the mass flow rate, as the
expectation is to have a lower mass flow rate. The lower mass flow rate results in higher voiding
which violates the H/HM limit. Therefore the flow rate actually started high and the SA search
algorithm slowly decreased it.
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Table 3-4 The optimization process and the iteration to the final design
# of Water Rod 5 7 Spectrum 7 NA
Water Rod Geometry Circular Circular NA Circular NA
Water Rod Configuration Spread out Spread out NA Toward Center Economics
Outer Clad D (0.25 mm) 7 mm 7 mm NA 7 mm NA
Pin to pin Gap (0.25 mm) 1.5 mm 2 mm CPR 2 mm NA
Active Fuel Height (0.1 m) 1 m 1.8 m CPR 2.4 Cycle Length
Water Rod De (NA) 4*Pitch 4*Pitch NA 4*Pitch NA
Inner Ass. Gap width (1 mm) 0 mm 2 mm CPR 2 mm NA
Bundle Wall (0.1 mm) 2 mm 2 mm NA 2 mm NA
Outer Gap thickness (0.25) 0.6 cm 0.75 cm SDM 0.95 cm SDM
Array Size (1) 20 16 SDM 16 NA
Pressure (.5 MPa) 12 MPa 7.5 MPa CPR 7.3 MPa Comparison
Power (100 MWth) 3926 MWth 3926 MWth NA 5000 MWth Economics
Flow Rate (250 kg/s) 14500 kg/s 13700 kg/s CPR 14100 kg/s NA
Hydrogen/Heavy Metal 3.5 4 Spectrum 4 NA
Subcooling Temp (10 *K) 10K 10K NA 15 K Economics
* Design obtained with more detailed models and design methodology
The first set of limiting factors column in Table 3-4 are the limitation of the initial guess
to the design restrictions used as listed in Figure 2-13. The ones marked NA are the limits that
were kept fixed at the values of the initial guess. In an optimization study, typically it is desired
to avoid large number of NAs as it would mean that the design has not explored a wide design
space. However, the reason for those limits of the design space were discussed in detail in
Section 2.2. The majority of the limits were derived from the attempt to avoid costly licensing
process that the nuclear technology currently faces in US and other nuclear power dominated
countries.
Whether it was due to the structure of the EPRI correlation or an accurate assessment of
the models, the current BWR pressure was deemed to be the optimal design value to produce the
highest power density as it is well known that CHF has a maximum around 7 MPa due to the
combination of vapor density increase and latent heat of evaporation decrease as the pressure
rises. The CPR correlation also guided the design from 1.5 mm to 2 mm pin to pin gap as both
the EPRI and Hench-Gillis correlations become sensitive, and CPR decreases sharply, with
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smaller gaps as shown in Figure 2-8. The CPR sensitivity in the final design is discussed in
greater detail in Section 3.2.3.
The second set of limiting factors is from applying more detailed models and design
methodology compared to the optimization design space approach. A large number of NAs in
the final limiting factors column in Table 3-4 is actually desired, as it would imply that the
optimization modeling and methodology captured most of the important physics. In fact, almost
all of the important physics in neutronics, thermal hydraulics and fuel performance under steady
state and transients were effectively captured in the simpler modeling of the optimization study
as shown in earlier chapters. The reason that changes were applied to the final optimized design
was almost purely due to economic reasons. The power level was increased to maximum power
in the design space, 5000 MWth, and as a result extra assemblies were added. Once the
maximum vessel diameter was reached, then the length of fuel had to be increased as the power
density shrunk from 90 to 82 kW/L in order to meet the minimum cycle length requirements.
The only physics that required further calibration was the implications of full core neutronics.
The core wide calculation gave more insight on enrichment and SDM margin requirements
compared with the inferences on those parameters from an assembly level calculation.
3.2.2 Neutronics Sensitivity
The codes used to perform the final design neurontics characteristics were state-of-art
codes, and therefore the methods used are as good as could be found anywhere. The main reason
the STUDSVIK CASMO/SIMULATE package was useful for the BWR-HD was that the
spectrum and fuel materials were left relatively unchanged. The methodology that is
traditionally used for BWRs is further discussed in this section, as the geometry of the BWR-HD
is different from traditional BWR assemblies.
One assumption that is typically made for the homogenization of cross sections to be
used for core calculations is that the assembly void is uniformly distributed among the channels.
Of course, thermal hydraulically this is not a very good assumption as shown in Figure 3-8,
especially for the case of the BWR-HD. Also to quantify the impact of the forced turbulent
mixing, modeled in VIPRE, on the assembly reactivity, Figure 3-22 void profile was also used in
addition to Figure 3-8 void profiles in a CASMO assembly neutronic calculation.
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Figure 3-22 The ABWR (left) and BWR-HD (right) exit voidfraction with no turbulent forced mixing
which was assumed in Figure 3-8.
The other form of two phase heterogeneity could arise from the heterogeneity of the void
within the sub channels. The annular flow regime is a very heterogeneous flow regime as the
explicit modeling of the liquid film and the vapor flow could impact the reactivity. It is known
that these two forms of heterogeneities are not very important for typical BWR bundles and their
applicability to BWR-HD bundle needs to be verified. Therefore, a study of the annular flow
and subchannel void distribution was carried out by MCNP5 and CASMO4e and its result is
listed in Table 3-5. The annular flow neutronic modeling showed no impact that would need a
methodology change for the BWR-HD. It also showed that the fast flux on the cladding is not
affected by this modeling assumption. However, in case of the subcahnnel void modeling, the
BWR-HD showed more sensitivity than the ABWR. Any difference more than 50 pcm is
considered to be a modeling inadequacy and it is recommended that the BWR-HD design use a
subchannel resolved void fraction for cross section generation.
Table 3-5 The impact ofthefluidflow modelling on reactivity change Ak/lkfrom reference in pcm.
Annular Flow (.5 mm) <5 <5
Annular Flow (1 mm) 15 17
Coupled VIPRE/CASMO 14 74
Coupled with No Mixing 18 175
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The FRAPCON analysis in section 3.1.3 used 5% higher specific flux (n/cm2/s/W/g) for
the BWR-HD derived from the neutronic calculation using SERPENT, marked by red in Table
3-6. There are many methods of estimating the fast fluence cladding for the fuel performance
analysis. The pin method listed in Table 3-6, is calculated as the fast flux with a pincell
neutronic model. However, the pincell model ignores the presence of water rods and bypass
channel flow area which produces unrealistic results. The other two methods listed in Table 3-6,
calculate the fast flux with a full assembly model. The assembly model reports the average flux
in all the cladding present in the assembly, while the pin within the assembly method, reports the
maximum fast flux to a pin cladding within an assembly. The EOC flux values are also
calculated as they show smaller ratio between the BWR-HD and ABWR designs. The second
method gives a more realistic and more conservative ratio for the BWR-HD compared to the
average assembly method. Since the spectrums of the two designs are slightly different, the fast
flux can be taken at above 0.5 MeV and 1 MeV of neutron incidence energy. Table 3-6 shows
that at above 1 MeV, more conservative ratio of flux for BWR-HD can be obtained therefore, the
>1 MeV flux is used for FRAPCON modeling.
Table 3-6 The sensitivity infastflux calculation.
Pin Method BOL (0.5 MeV) 2.28E+14 1.04E+14 2.19
Assembly Method BOL (0.5 MeV) 1.25E+14 7.10E+13 1.75
Pin within Ass Method BOL (0.5 MeV) 1.37E+14 7.57E+13 1.82
Pin Method BOL (1 MeV) 1.42E+14 6.66E+13 2.13
Assembly Method BOL (1 MeV) 8.52E+ 13 4.81E+13 1.77
Pin within Ass Method BOL (I Me'V) 9.54E+ 13 5.09E+ 13 1.87
Assembly Method EOC (1 MeV) 1.20E+14 7.06E+13 1.69
Pin within Ass Method EOC (1 MeV) 1.30E+14 7.39E+13 1.76
Lastly, the sensitivity of the control rod cusping effect to the axial nodalization of the
core simulator, due to the limitation of 3D diffusion nodal theory, is examined for the BWR-HD
design. The BWR-HD has 55% shorter core and if the same number of nodes is used as the
ABWR model, the error of the flux estimation in SIMULATE3 will be larger near the assemblies
with control rod insertions. Typically, for a neutronic axial node of around 15 cm height, the
effect of control rod cusping is averaged out. However, if the axial nodalization is further
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refined the error in the axial flux calculation increases [Shirvan and Kazimi, 2011]. In Figure 3-
23, the course axial flux from a SIMULATE3 assembly near a partially inserted control rod is
actually closer to reality than the simulation with finer axial nodes. As seen from the full 3D
Monte Carlo simulation of the same assembly, the flux change at the boundary of the CRD is
smoother compared to what the diffusion simulator predicts. Therefore, it is recommended that
the BWR-HD be simulated with the 15 cm axial nodes as well which implies a reduction of the
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Figure 3-23 The effect of control rod cusping shown in 3D Monte Carlo (left) on 3D diffusion core model
(right).
3.2.3 Thermal Hydraulic Sensitivity
The bundle average results from VIPRE are used for further investigation of CPR in the
BWR-HD design. The steady state CPR vs. axial length of both the ABWR and BWR-HD are
shown in Figure 3-24, using 4 different CPR correlations. The ARAI and Modified ARAI are
the only correlations that have an outer clad diameter of 7 mm and high quality in one of the sets
of the experiments. The CISE correlation also has proven robustness in its applicability to both
a tight lattice and regular BWR lattice. Figure 3-24b, shows that the Hench-Gillis correlation that
was used to perform all steady state and transient CPR analysis for the BWR-HD is most likely
on the conservative side. Therefore, it is concluded that the BWR-HD will have sufficient CPR
margin and has a possibility of further power density increase in case of newer experimental data







































Figure 3-24 The MCPR sensitivity based on bundle average parameters for (a) ABWR and (b) BWR-HD.
For most of the transients (Discussed in Chapter 4), the AMCPR for the BWR-HD was
smaller than the ABWR. The only transient that the AMCPR decrease was comparable to
ABWR was the LFWH transient. The use of other correlations can be employed in seeing the
difference of MCPR, assuming the time is decoupled from the system which is a common
assumption for the LFWH transient as the MCPR reaches a steady state value. Table 3-7 lists the
AMCPR for the VIPRE hot assembly model using bundle average results. The BWR-HD shows
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slightly less AMCPR using all the correlations and therefore it is assumed that its response will
be comparable to the ABWR.
Table 3-7 Bundle average CPR analysis on the ABWR and BWR-HD hot assembly during the Loss of
FeedWater Heating transient.
100 0.273 1.404 1.690 1.742 1.528
ABWR 118 0.304 1.261 1 1.518 1 1.564 1.372
-0.156AMCPR -0.143 -0.172
100 0.341 1.270 1.556 1.558 1.330
BWR-HD 118 0.383 1.130 1.385 1.387 1.184
_ _ AMCPR -0.140 -0.171 -0.171 -0.146
When calculating the MCPR for the hot assembly under steady state or during transients
the peaking factor of 1.45 and 100% flow rate was used. This assumption matched well with the
steady state values of MCPR reported and was shown in Section 2-3. In the previous studies, the
hot assembly flow rate was assumed to be 95% of the core average, which may increase the CPR
for the ABWR hot assembly using both the bundle average results and subchannel based MCPR
approaches. The BWR-HD experiences similar trend for the bundle average results but if the sub
channel CPR calculation is used then the MCPR is decreased by 0.04 AMCPR at 95% flow rate.
To more accurately assess the power to flow ratio of the hot assembly, the quarter core flow rate
and power distribution for both cores at the BOC are shown in Figure 3-25. The highest power
to flow ratio of each design takes place at similar locations, which corresponds to the highest
powered assemblies. The ABWR highest power to flow ratio is 1.46 with the flow rate of 95%,
while the BWR-HD highest power to flow ratio is 1.4 with the flow rate of 97% in the hot
assembly. It can be assumed that this ratio is a strong function of the loading pattern and the
assumption of 1.45 peaking factor and 100% flow rate is reasonable approximation of the hot
























Figure 3-25 The quarter core flow (left) and power (right) distributions at BOC for the ABWR (a) and
BWR-HD (b) cores.
The other area of concern is distortions to the assembly and its affect of CPR. The BWRs
may suffer from rod bowing which will change the CPR margins of the design. The CPR margin
for the BWR-HD has been shown to be more sensitive to operational changes due to the smaller
flow areas between the rods. However, the shorter length and larger number of spacer grids to
rod length ratio compared to the ABWR design will result in reduced rod bowing. For the
RBWR design the effect of rod bowing on small diameter rods in tighter lattices was assessed
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and it was concluded that the CPR could be degraded by 10-15% [Tamai et al., 2008],which is
within the margin of design for CPR.
Lastly, the CPR phenomena could be described in terms of three fields, liquid film, gas
core and entrained droplets in the gas core. The three field model has shown success in
predicting the dryout condition in flow inside tubes and has been utilized in the 70s for BWR
applications. The technique is not as useful as the correlation due to its dependence on closure
models that experimental data resolution and advance computational fluid simulations struggle to
obtain for an accurate measure of film thickness at the transition region of churn to annular flow.
Nevertheless, the three field equation set gives rise to a mass balance of deposition, entrainment
and evaporation as the dryout occurs at the location where the liquid film flow reaches zero.
Employing such models, similar to [Adamsson & Le Corre, 2011], give further insight on the
CPR performance of the BWR-HD type rods as they differ largely in diameter and possess
tighter rod to rod gap. Figure 3-26a shows that the film flow rate for the BWR-HD rod is
smaller, as the area and the mass flux are smaller, compared to the ABWR geometry. The liquid
film flow rate decreases as the quality increases as expected using VIPRE bundle average data
from the hot assembly. The rate of this decrease with respect to quality is shown in Figure 3-26b.
The rate for the BWR-HD is lower than that of ABWR and therefore the slower mass flux allows















































Figure 3-26 The liquidfilmflow rate (a) and its change with respective to quality (b)for an average rod
in the ABWR and BWR-HD hot assembly.
Another assumption made for the subchannel analysis and thermal hydraulics modeling
in VIPRE is the mixing rate within the assemblies. While the mixing is adjusted based on the
gap sizes, the turbulent forced mixing is typically approximated by a multiplier in the VIPRE and
other subchannel codes. For the BWR-HD design, it was assumed that the multiplier was the
same as the ABWR assembly which was used based on VIPRE recommended values. The much
greater outlet quality distribution of BWR-HD, shown in Figure 3-8, makes capturing of the
correct mixing rates more important for the BWR-HD design compared the ABWR design.
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Therefore, a 1/8th assembly model of the BWR-HD was simulated in STARCCM+ as shown in
Figure 3-27 and its average velocity in each VIRPE equivalent subchannel was calculated. The
STARCCM+ simulation used the Anisotropic RANS turbulence model with 15 million
polyhedral cells for the height of 2 m. In VIRPE the power was set to zero and the partial length
rods along with the spacer grids were removed. The drag coefficient based on Cheng and
Todreas correlation and the assumed forced turbulent mixing remained intact for a proper
comparison of the two codes. From Figure 3-27, it was found that the subchannel velocities
deviated less than 1% between the two designs. Therefore, it is concluded from this simple
analysis that the VIPRE code effectively models the mixing between the channels with the
assumed parameters. Though, the magnitude of forced mixing in two phase flow is under




Figure 3-27 The STARCCM+ 1/8th BWR-HD assembly model (left) vs. the VIPRE 1/4th BWR-HD
assembly model descritization and exit velocity profile.
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d .
Similar to the CPR analyses, the sensitivity of void fraction to different correlations for
the BWR-HD also needs to be assessed. Chapter 2 methodology concluded that there are 4 best
correlations that can be used to perform a sensitivity analysis. Figure 3-28 shows that both the
RELAP5 and VIRPE default void fraction models that were used for the entire analysis of this
work agree very well with one another, which makes the results consistent. Similar to Figure 2-
6, the Bestion model shows an over estimation while the best estimate model developed for use
for RBWR type of geometry, shows an under prediction of the void fraction. Since the BWR-HD
parameters used in void fraction calculation are between the ABWR and RBWR parameters. It
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Figure 3-28 The voidfraction in the BWR-HD design using the correlations chosen for sensitivity
analysis in Chapter 2.
The last parameter investigated in this section is the sensitivity of the vibration ratio
reported in Figure 3-1 to other models described in Section 2.4.1.4. The vibration ratio reported
in Figure 3-1, was based on the BWR-HD with 6 spacer grids. If the same spacer to spacer
distance (spacer span) is kept as in the ABWR rod bundle, then the vibration amplitude would be
larger. The main reason to avoid vibrations is to reduce fretting wear and sliding wear and the
performance of the BWR-HD is superior in terms of both regardless of the use of 5 or 6 spacer
grids, as the residence time of the fuel in the core is shorter due to the higher power density and
better fuel utilization. Therefore, it is expected that the BWR-HD will have less fuel failure and
higher reliability over its operational lifetime compared to the ABWR fuel. Though, the higher
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amplitude could negatively play a small role during CRUD induced corrosion fuel failure by
rubbing off the corrosion layer and exposing new surfaces, which create cold spots that become
sinks for local hydriding. The CRUD induced corrosion is one of the more dominant BWR fuel
failure mechanisms shown in Figure 2-10. Additional spacer grids can be added if desired as
there is still plenty of pressure drop margin for the BWR-HD. Increasing the spacers to 7 will
put the BWR-HD vibration amplitude below the ABWR rated vibration amplitude as listed in
Table 3-8.
Table 3-8 The vibration amplitude along with fretting and sliding wear for a ABWR and BWR-HD design.
# of Grid Spacer 8 5 6 7
y max Posidus (mm) 0.005 0.011 0.006 0.003
y max Modified P (mm) 0.070 0.162 0.092 0.050
y max Tkusuda (mm) 0.004 0.021 0.009 0.004
Fretting Wear 1 0.26 0.20 0.15
Sliding Wear 1 0.28 0.30 0.31
3.2.4 Fuel Performance Sensitivity
The fuel performance analysis in Section 3.1.3 was performed using FRAPCON 3.4, the
latest available version of the code. There are two parameters of interest: the hoop strain and the
cladding hydrogen pickup, which may limit the BWR-HD compared to the ABWR. For the
hoop strain calculation, there are three options: the FRAPCON 3.3 [Berna, 1997], the Finite
element model within FRAPCON 3.4 and the new FRASP model [Mieloszyk and Kazimi, 2012].
The FRASP model uses 1.5D stress calculation to model the softness of the pellet during PCI.
Figure 3-29 displays the cladding hoops strain as a function of burnup for all of these different
models. The sensitivity of the models do not show any cause for alarm for the BWR-HD model.
As expected, using the finite element and FRASP models gives lower hoop strains initially.
Also, similar to FRAPCON3.4, FRAPCON 3.3 does show the cladding reopening at high brunup
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Figure 3-29 The cladding hoop strain for the reference and BWR-HD using different mechanical models
within FRAPCON.
The BWR-HD and ABWR pins showed the same percentage of oxidation for cladding.
FRAPCON 3.4 oxidation model is same as the 3.3 version. However, within FRAPCON 3.3 and
3.4, there are two hydrogen pickup models that produce drastically different results between the
two codes as shown in Figure 3-30.
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Figure 3-30 The comparison of hydrogen pickup for the reference and BWR-HD rod using the models in
FRACON 3.3 and 3.4.
The reason for this is that the default hydrogen pickup model has changed as the cladding
for BWRs has changed. The old model assumed a hydrogen pickup fraction of 29% for
corrosion of Zircaloy-2 under BWR conditions. The hydrogen pickup data for the old cladding
and new cladding of Zircaloy-2 used in ABWRs are different due to different manufacturing
processes. GE-Hitachi controls the alloy composition more tightly and thus the 2nd phase
precipitate is different. The new correlation is only a function of burnup, therefore as burnup
increases so does the hydrogen pickup. Achieving the same burnup in the two designs results in
the same hydrogen pickup at end of life.
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Chapter 4 Transient and Stability
Performance
4.1 Transient Performance
The transient performance of the BWR-HD vs. the reference ABWR using the
methodology described in Chapter 2 is discussed here. The RELAP5 and S3K codes are used to
model reactor systems to perform the necessary calculations for a limited number of transient
conditions. The specific transients of interest will cover the entire range of BWR conditions,
similar to what is done for design certification and documented in Chapter 15 PSAR type
calculations in accordance with NUREG-0800. Chapter 15 calculations are typically hundreds
of pages long performed by a team of engineers for documenting the validity of all the models
and their consistency within the range of tested data. Therefore, to limit the number of transients
modeled here, only the harshest transients and the most challenging design basis accidents are
considered in this section of analysis. This analysis is also focused on comparison of the BWR-
HD accidents with the ABWR specific reactor technology, though similar safety analysis for the
BWR4/5 and the BWR-HD core designs is shown in Appendix E as well. The following
accidents, which are the limiting CPR transients for ABWR type reactors, are modeled:
* Generator Load Rejection Without Bypass (Increase in Reactor Pressure)
e Loss of FeedWater Flow (Decrease in RPV water level)
* Reactor Internal Pump Seizure (Decrease in Reactor Coolant System Flow Rate)
* Loss of FeedWater Heating (Decrease in Reactor.Coolant Temperature)
* FeedWater Controller Failure (Increase in Reactor Coolant Inventory)
* Rod Withdrawal Error at Power (Reactivity and Power Distribution Anomalies)
It is noted that for the ABWR type reactor design, the control rod ejection is no longer
part of the design basis due to adopting of the Fine Motion Control Rods Drives (FMCRD). The
FMCRD has superior mechanical performance compared to the BWR4-6 type control rod drives
which are piston-lock based. The time frame that the most limiting conditions take place for the
119
above listed transients does not require knowledge of the safety injection systems such as the
high and low pressure core flooders and reactor core isolation cooling system. However, the
decrease in reactor coolant inventory type of accidents and transients, which is not part of the
above list, does require knowledge of such systems. The ABWR system promises no core
uncovery for 72 hours with no operator action, which drastically reduces the risk resulting from
loss of inventory type accidents. Section 4.1.7 will qualitatively discuss the possible
containment layouts and the impact of the BWR-HD design during loss of coolant inventory
accidents. Appendix E quantifies the performance of BWR-HD type of core design for Design
Basis LOCA and Main Steam Line Break (MSLB) loss of coolant accidents for a BWR4/5
reactor design and safety system.
4.1.1 Steady-State System Level Reactor Performance
Table 4-1 lists the RELAP5 steady state parameters for the BWR-HD and the ABWR
models and their comparison to the reference Lungmen ABWR plant currently under
construction in Taiwan [Lungmen, 2011]. The Lungmen was modeled as a benchmark, as its
plant's specific available documents, supplemented with the publically available ABWR NRC
design certification documents, provided enough information for both the steady state and
transient conditions to be effectively modeled. Table 4-1 outlines the steady state RELAP5
model performance developed for the ABWR and the BWR-HD as shown in Figure 4-1. The
ABWR and BWR-HD RELAP5 model data are also consistent with the core SIULATE3
model. The only noticeable difference from Table 4-1 to Figure 3-1, is the ABWR outlet quality
is 1.5% higher by RELAP5 compared to SIMULATE3. The RELAP5 core exit pressure is 0.8
kPa lower and its power level is 1% higher than the SIMULATE3 model, leading to the outlet
quality of 16.5% instead of Figure 3-1 listed outlet quality of 15%. The core average void
fractions are also slightly different and the two codes have different simulated amount of heat
transfer to the bypass and water rod regions. Thus, both models can be used for the transient
analysis with high degree of confidence.
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Table 4-1 The RELAP5 ABWR and BWR-HD models compared to Lungmen data for transient analysis.
Assembly Type I (1Ox1O GE12) (lOx1O GE14) (16x16)
Simulated Reactor Power (MWt) 3926 3958 5000
Core flow rate (kg/s) 14500 14538 14180
Bypass Flow Fraction 0.14 0.14 0.13
Steam flow rate (kg/s) 2122 2148 2713
System pressure, Steam Dome (MPa) 7.2 7.21 7.1
System pressure, Nominal Core (MPa) 7.3 7.33 7.21
Coolant Saturation Temperature (*C) 288.3 289.342 289.2
Average Power Density (kW/L) 49.2 49.5 82
Core total Heat Transfer Area (m2 ) 9283.8 9567 10309.2
Feed Water Inlet Temperature (*C) 215.6 215.5 215.6
Feedwater flow rate (kg/s) 2117 2148 2712.8
Core inlet temperature (*C) 278.5 278.35 274.8
Hot Assembly Exit Quality (%) 25.8 31.5 36.2
Core Exit Quality (%) (Assembly)* 15.9 15.5 (17.5) 19.1 (22.4)
Core Maximum Exit void (%) 75.1 84 90
Core Average Void Fraction (%) 44 43 48
Active coolant flow area per Ass. (cm 2) 92.78 92.1 112
Core Average Inlet Velocity (m/s) 1.96 2.025 1.673
Maximum inlet velocity (m/s) 2.27 2.25 1.88
Total Core Pressure Drop (MPa) 0.168 0.165 0.103
RPV inner diameter (m)** 7.1 7.1 7.1**
RPV Height (m) 21.1 21.3 19.3
Effective Delayed NFraction x 10-3 (EOC) -- 6.17 (5.33) 6.24(5.37)
Void coefficient (PCM/% void) (EOC) -125 :-75 -79 (-68) -61(-45)
Fuel temperature coefficient (PCM/*C) -- -2.97 -2.97
The report does not specify whether the "top of the core" is within an assembly or the flow is mixed
with the bypass flow.
**The vessel diameter for the BWR-HD assembly was kept the same for conservatism even though it is
7.6 n as listed in Table 3-1.
As listed in Table 4-4, the Lungmen and ABWR operating parameters are very similar.
The only significant difference is in the outlet quality of the hot assembly for which the RELAP5
model overestimates it by 6%. However, this outlet quality is consistent with the VIPRE
assembly bundle average outlet quality described in Section 3.1.2. The BWR-HD vessel
structure was only modified by shortening its height by 2 m and increasing the steam line pipe
area proportional to the increase in power. The increase in steam velocity in the upper structures
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lowers the pressure of steam in the turbine slightly by 0.1 MPa. This pressure drop would be less
if the vessel upper structures and diameter would increase. However, for conservative analysis
the vessel diameter was kept constant. The point kinetics approach is utilized by RELAP5, as it
has been shown to perform well for non reactivity dominated accidents. The point kinetics
coefficients are obtained from the neutronic analysis performed in Section 3.1.1 as no reliable
references for the ABWR type reactor reactivity coefficients could be found.
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As shown in Figure 4-1, the core is divided into three channels: bypass, core and hot
assembly. Within the hot assembly, the hot pin structure is also modelled. The core reactivity is
modelled with the RELAP5 point kinetics model. Both the fission product and actinide decay is
accounted within the point kinetics model. The RELAP5 model lumps all 10 RIPs into one RIP
and its flow characteristics is reported by the ABWR NRC design certification documents [GE,
2007]. The ABWR RIPs at 100% capacity are rated at 143 rad/s with 34 m head and 6750 m3/h
flow with no allowance for flow reversal. Similarly, the height and volume of each components
is also taken from the NRC documents. While the RCIC and HPCF are modelled, they are not
used during the simulated transients in the following sections as the limiting conditions are
assumed to be before their introduction to RPV. The control system is very similar to the
BWR/4 control system available from INL for Browns Ferry plant. Though, some of the values
for different controllers had to be modified to represent ABWR specific conditions. For example,
the wide and narrow ranges in ABWR are positioned differently compare to BWR/4. The
feedwater control system for ABWR has a maximum time to settle within 5% of the changes in
feed flow rate in less than 73 seconds, therefore, the gain in the proportional-integral control
system had to be modified as the existing BWR/4 model took around 95 seconds to adjust. The
4 steam lines are lumped into one steam line as shown in Figure 4-1. There are 2 safety relief
valves modelled on the steam line that represent the flow area of 18 safety relief valves in the
ABWR. The suppression pools, turbine and feedwater inlet are modelled as time dependent
volumes that provide the boundary conditions for the simulations as shown by the red
components in Figure 4-1. The SCARM set points modelled for Figure 4-1 nodalization are:
pump trip, 118% overpower trip, high pressure at 7.4 kPa, water level with 42 cm and 123 cm set
points and turbine over-speed at 120%. The detail performance and model assumptions of the
RELAP5 model during the transients are discussed in detail for each transients.
For the transient CPR analysis, two approaches are taken, very similar to the steady state
approaches mentioned in Chapter 2 using the Hench-Gillis correlation. The first approach is to
model the BWR assembly on a subchannel basis and the other to model is as a single flow
channel, neglecting any lateral coolant flow. In both cases, adjustments in the modelled power
conditions of the BWR assembly are made in order to start the modelled ABWR transient at CPR
values close to the values reported for the ABWR by GE-Hitachi. Thus in the first approach an
assembly at 105% of nominal average power rating and at nominal flow rate is modelled on a
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subchannel level in VIPRE. This approach models the coolant mixing among the channels, and
also increases the steady state MCPR reported in Figure 3-1, as that MCPR was reported for hot
assembly with radial peaking factor of 1.45 as opposed to 1.05. As will be seen, the MCPR
calculated using the Hench Gillis correlation on a subchannel level during transients experiences
large changes in magnitude, much greater than the desirable transient AMCPR limit of 0.3
[Fennern, 2007]. A similar approach was used in an earlier MIT study of the comparison of a
reference BWR/4 assembly to the LASP assembly but with the EPRI-1 CHFR correlation [Kito
et al., 2010]. That study also did not show similar trends as shown by GE-HITACHI for MCPR
of BWR/4 [Exelon, 2001] during transients. While not shown in most of the plots, The EPRI-1
CHFR correlation is also used in this analysis as a second check to the Hench-Gillis correlation
for the safety analysis of the BWR-HD and the HCF rods presented in Chapter 5.
The second approach is based on the average assembly conditions using a VIPRE model,
where the assembly intermixing and local flow conditions within the assembly are neglected. If
the hot pin peaking factor within the assembly is used, as possible in the Hench-Gillis
correlation, then an MCPR of <1 is obtained for the ABWR and the BWR/4 designs with an
assembly radial peaking factor of 1.45 and 95% of nominal flow rate (which are the values used
for the steady state analysis). This detrimental effect of the pin peaking factors was also
observed by another BWR optimization study at MIT [Ferroni, 2004]. Therefore, for this
analysis the 1.45 radial assembly peaking factor is kept, but the pin peaking factor is neglected in
order to start at MCPR value greater than 1.0. As it will be seen, this method also does not
reproduce the GE-HITACHI reported values for AMCPR for the ABWR [Takeda et al., 1995].
While this analysis is done using the RELAP5 code where the core thermal hydraulics is
only represented by three sections, as shown in Figure 4-1, and the point kinetics model as
opposed to 3D neutronics is used, the model is considered adequate for comparative purposes.
The GE-HITACHI use of proprietary MCPR correlation is deemed the main deficiency for not
being able to reproduce correct MCPR trends and absolute values. The use of coupled 3D
thermal hydraulics and neutronics, which can be relatively easily performed using the S3K code,
in order to reduce the uncertainty in the boundary conditions compare to GE-HITACHI
modelling approach, provided for VIPRE and Hench-Gillis correlation, is left as future work.
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4.1.2 Generator Load Rejection Without Bypass
In the generator load rejection without bypass transient, the turbine valve is assumed to
suddenly close which causes a fast increase in reactor pressure, which then will collapse the
voids in the core. Since the void coefficient is negative, this will cause a rise in reactivity which
results in very high power levels in a short period of time. The magnitude of the power increase
is also affected by the steam velocity out of the RPV as it dictates the magnitude of the pressure
increase and bubble collapse. For RPV's with higher power density it is expected that this effect
to be harsher as was shown in the case of the LASP core design in previous studies [Kito et al.,
2010]. The modelled sequence of events in the core is shown in Table 4-2.
Table 4-2 Sequence of Events for generator load rejection without bypass [Lungmen, 2011]
0 Turbine Trip initiates closure of main stop valves
0 Turbine By pass valves Fail to operate!
0.01 Main turbine valves reach 85% open position and0 send signal for reactor scram and trip of 4 RIPs
0.1 Turbine Stop valves are closed
1.7 Safety/relief valves open due to high pressure
6.5 Safety/relief valves close
8 Safety relief valves open (end of Simulation)
Figure 4-2 shows the reactor normalized power and the peak fuel temperature for the
reported Lungmen and simulated ABWR and BWR-HD designs. The reactor power in the
RELAP5 models reach similar peaks, however the SCRAM is a bit delayed and the power is
decreased later in the RELAP5 model compared to the reported Lungmen simulation. It is also
noted that the Lungmen simulations only report the neutron flux which is different from the
reactor power. There is also a delay in the reduction of fuel temperature due to the delayed
SCRAM time, as shown in Figure 4-2b. The BWR-HD power decreases at a slightly faster rate
initially, once a lower peak power is achieved, mainly due to the faster rod SCARM time due to
the shorter core. The BWR-HD shows similar power rise as the ABWR, even with 25% less
negative void coefficient. The main reason is the fact that, while the steam line area was
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enlarged to reflect the increase in power level, the steam dome and its flow area connected to the
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normalized peak reactor power and (b) fuel centerline temperatures for the generator
load rejection transient without bypass.
Figure 4-3 displays the pressure rise in the RPV for the different designs. As seen, the
peak pressure in RELAP5 simulation is underestimated by 0.3 MPa compared to the Lungmen
simulations. The CPR analysis in this section will determine if this underestimation affects the





causes the pressure to rise more rapidly and reaches a higher peak due to the closure of the
turbine and bypass valves. The Lungmen RPV pressure begins to rise at 5 seconds, which is
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Figure 4-3 The pressure rise in the RPVfor the generator load rejection transient without bypass.
One of the purposes of the comparisons to the Lungmen simulated data is to assess which
model leads to the most conservative CPR analysis. To perform the proper transient CPR
analysis, the change in the core flow rate is also needed in addition to the power and pressure
profiles reported in Figures 4-2a and 4-3. Figure 4-4 shows the change in the core inlet flow rate
as the transient progresses and displays good agreement with the ABWR and the Lungmen
reported data. The BWR-HD also shows a similar level of decrease in core flow rate compared














0 1 2 3 4 5 6
Time (sec)
Figure 4-4 The inlet core flow rate for the generator load rejection transient without bypass.
The steady state ABWR and BWR-HD VIPRE assembly power in Sections 3.1 are
reduced to 105% nominal power level to reduce the conservatism built in the models for the
transient analysis and for the reasons mentioned in Section 4.1.1. Figure 4-5 shows the transient
MCPR margin, as the Lungmen graph refers to it, for the ABWR model with Lungmen reported
transient data shown in the above Figures. The ABWR and Lungmen boundary conditions
when applied to VIPRE produce the same minimum CPR. The BWR-HD shows less change in
CPR compared to the ABWR design. The BWR-HD with Lungmen data in Figure 2-5, refers to
the VIPRE model that has the BWR-HD pressure peak increased by 0.25 MPa as Figure 4-3
showed that there could be a possibility of underestimation of the peak pressure with the current
developed RELAP5 model. Even with this correction, while conservatively keeping the power
and flow boundary conditions the same as the BWR-HD profiles reported above, the MCPR is
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Figure 4-5 The MCPR (a) on the subchannel level and (b) on the bundle level for the generator load
rejection transient without bypass.
Figure 4-5, shows that while the subchannel based method of using the VIPRE code with
the Hench-Gillis correlation agreed well with the steady state reported plant results shown in
Chapter 2, its application to the transient conditions are limited. The maximum change in MCPR
is expected to be on the order of 0.2 AMCPR for the reference ABWR, and the change observed
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in Figure 4-5a is of an order of 1.0 AMCPR. The improvement in performance of the BWR-HD
for this transient condition is consistent with the reported change in MCPR for the RBWR, which
is a design similar to the BWR-HD, as both designs have higher steady state exit quality, shorter
core and smaller hydraulic diameter compared to the ABWR. The smaller change is also
realized through using the EPRI CHFR correlation, which was used for the LASP concept safety
analysis in previous MIT studies. However, while the EPRI correlation might produce reasonable
changes in CHFR compared to published data for some transients, its applicability to BWRs (as
stated in the output file within the VIPRE code) is invalid as the CP phenomena is different from
the CHF phenomena. Chapter 2 methodology also can be applied not on a subchannel level, but
on a hot assembly level, rated at 145% nominal power, which is more commonly practiced. In
that case, as shown in Figure 4-5b, a AMCPR of 0.42 and 0.25 are obtained for the ABWR and
BWR-HD, respectively. These are over twice the magnitude expected from industry used
correlations and methods but consistent in terms of the BWR-HD's smaller magnitude of change
in MCPR.
4.1.3 Loss Of All FeedWater Flow
The loss of all FeedWater flow accident is typically considered one of the most limiting
transients for ABWR systems due to their inclusion of internal pumps and promise of no core
uncovery during transients. The sequence for the loss of all FeedWater flow accident is listed in
Table 4-3 as stated in the Lungmen preliminary safety analysis report. The trip of the
FeedWater pumps is initiated by modeling closure of the valves on the FeedWater line in
RELAP5. Then the recirculation flow runback is initiated due to a lower water level caused by
the lack of FeedWater. The reactor RPV water level continuously decreases until it reaches
below the reactor SCRAM point. According to the Lungmen preliminary safety report, the 4
RIPs are automatically tripped by the reactor scram and the remaining six are tripped at 19.5
seconds of simulation. In RELAP5, only one pump is modeled, therefore all the pumps are
tripped at 19.5 seconds of the transients. This modeling difference will impact the transient
MCPR calculations and will be explored, for both the ABWR and BWR-HD designs.
130
Table 4-3 The sequence of events for Loss ofAll FeedWater Flow
0 ri feedwater sm s initiated
2.8 Intainof recirculation flow runback
5 Feed water flow decays to zero
7.5 Reactor scram
19.5 All RIPs trip
49.5 RCIC flow enters vessel (end of Simulationd
The reactor power is shown in Figure 4-6a and displays good agreements among the
designs, though the Lungmen reactor reaches lower power before the scram initially. Two
seconds after the SCARM, RELAP5 closes the turbine valves and opens the safety relief valves.
The pressure at the time when the RCIC system kicks in is inconsistent with the ABWR
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Figure 4-6 The (a) reactor power and the (b) RPVpressure rise for the loss of allfeedwater accident.
One of the reasons the loss of FeedWater flow is limiting for ABWRs is the desire to
prevent core uncovery before the RCIC system starts the flooding of the core. The loss of
coolant inventory to the safety relief valves further reduce the water level of the core, as shown
in Figure 4-7 by tracking the RPV's wide range level. While the calculated ABWR and reported
Lungmen water levels decrease to similar values throughout the simulation, the BWR-HD shows
a sharper decrease in reactor water level after SCRAM, which is due to the higher pressure
increase in the RPV, and reaches a level lower than the ABWR, but no core uncovery is
observed. The water level in the BWR-HD would be higher if its actual vessel diameter was
used in the analysis and it could still be further improved with an adjustment of steam flow area
in the vessel proportional to the 20% power gain obtained by using the BWR-HD design. But, as
mentioned before, for conservatisms the BWR-HD was modeled with the same ABWR vessel
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Figure 4-7 The Wide range level for the loss of all FeedWater accident.
To perform the detailed transient CPR analysis, the core inlet flow rate and temperature
are needed as boundary conditions and are shown in Figure 4-8. As discussed earlier, the
reduction in the flow for each design will take place at different times as the Lungmen reported
sequences tripped 4 out of the 6 RIPs at 7.5 seconds which is the scram point. Though the
reported data are inconsistent as core flow rate is reduced to 40%, which is below the expectation
for the flow rate after only 4 RIP trips. The decrease in core flow rate for the BWR-HD is faster
than the ABWR, even though the core pressure drop is smaller. This is mainly due to the fact that
the FeedWater in the BWR-HD plant accounts for 20% of the total flow while in the ABWR the
FeedWater only accounts for 15% of the total flow. As shown in Figure 4-8, the BWR-HD with
Lungmen data has a proportionally faster loss of flow rate. In addition, the inlet temperature of
the respective designs is used with the Lungmen data, as the Lungmen inlet temperature was not
published. As seen in Figure 4-8, the inlet temperature increases till the point of saturation and
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Figure 4-8 The (a) core inlet flow rate and the (b) core inlet temperature for the loss of all FeedWater
accident.
The subchannel based MCPR for the first 15 seconds of the transient is shown in Figure
4-9a. The BWR-HD has higher MCPR than the ABWR. The BWR-HD shows no negative
change in MCPR using the RELAP5 simulation parameters and -0.07 AMCPR change using the
modified Lungmen data. The ABWR shows -0.07 AMCPR and -0.03 AMCPR change in CPR
using the RELAP5 model and Lungmen data, respectively. The reason for the BWR-HD higher
MCPR is that a decrease in mass flux at the same quality typically increases the CPR margin,
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and the BWR-HD flow rate decreases faster than the ABWR during the transient as shown by
Figure 4-8a. The higher inlet temperature of the ABWR means that the quality at the exit will be
higher and the CPR margin will be lower. The higher pressure typically means lower CPR
values at full power conditions and the BWR-HD pressure decreases more rapidly than to the
ABWR. The bundle average CPR results for Lungmen simulations in Figure 4-9b showed no
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Figure 4-9 The MCPR (a) on the subchannel level and (b) on the bundle levelfor the loss of all
FeedWater accident.
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The performance of the BWR-HD for loss of all FeedWater accident is deemed
acceptable as no core uncovery occurred and the change in MCPR was less than the reference
ABWR even with the conservative assumption of smaller water inventory in the RELAP5
simulation. The Lungmen simulated data showed little sensitivity of the CPR even with the early
trip of the 4 RIPs due to the BWR enhancement of CPR with lower mass flux. The water level
and pressure agreed well with the Lungmen data and it is expected that the RCIC system will
provide compensate for the loss of inventory in case of the BWR-HD design.
4.1.4 All Pump Trip Transient
The all pump trip transient is simulated by reducing the power to the RELAP5 pump
component in the RPV to zero. The sequence of events is listed in Table 4-4. The control system
modeled in RELAP5 will initiate the reactor and turbine trip and the opening and closing of the
relief valves listed in Table 4-4. While the loss of flow might not seem as a limiting transient as
typically in BWR assemblies the decrease in flow rate results in an increase in CP at a given
quality, the limiting part of this analysis for an ABWR type reactor is the increase in pressure
due to the higher qualities reach could negatively affect CP depending on the changes in the flow
and quality. For the BWR-HD, the same concern is applicable as well as the impact of the
smaller hydraulic diameter on a quick flow retardation that leads to MCPR degradation.
Table 4-4 Sequence of events for All RIP trip.
0Trip of all RIPs initiated
1.22 Reactor scram
1.85 Feed water flow pump trip
1.97 Turbine Trip initiates bypass operation
3.7 Safety Relief valves open due to high pressure
9 Safety Relief valves close
Figure 4-10 shows the reactor power and pressure as a function of time simulated vs. the
Lungmen reported data. The reactor power level again shows an overestimation, compared to
the neutron flux reported as part of the Lungmen data. As shown in Figure 4-1Ob, similar to the
load rejection accident, the Lungmen data shows a higher increase in the RPV pressure
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compared to the RELAP5 ABWR simulated results. However, the pressure at the end of the
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Figure 4-10 The (a) reactor power and the (b) pressure rise in the RP Vfor all RIP trip transient.
The core inlet flow rate and its rate of reduction due to the pump trips can be observed in
Figure 4-11 which provides the boundary conditions for the MCPR transient analysis using











rise, shown in Figure 4-1Ob, as less steam is generated in the core due to the faster scram times in
the BWR-HD core due to its shorter height. The Lungmen data for flow rate does agree closely
with the ABWR results, except for the initial decrease during the first 2 seconds of the transient.
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Figure 4-11 The core inlet flow rate for all pump trip transient.
The MCPR during the all pump trip transient is simulated and shown in Figure 4-12. The
BWR-HD shows better performance compared to ABWR mainly due to the lower pressure rise
on the subchannel level. However, the Lungmen data over-predicts the pressure rise by 0.4 MPa,
which if conservatively used along with the Lungmen power and flow profiles, the change in
MCPR of the BWR-HD would be larger than that of Lungmen which shows very negligible
change in MCPR. The reported MCPR decrease for the ABWR is on the order of -0.05 AMCPR
which is close to the MCPR change for the Lungmen data. However, more care should be taken
as many assumptions, such as the power level, are not properly quantified. For the average
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Figure 4-12 The MCPR (a) on subchannel level and (b) on bundle level for all pump trip transient.
The BWR-HD seems to be more sensitive to pressure increases, as shown by this
transient and the other simulated transients. But the magnitude of the pressure increase would be
smaller if the appropriate BWR-HD vessel diameter was used in the RELAP5 simulation.
Furthermore, the rod worth used for such accidents was also very conservative for the BWR-HD
as full credit for the shorter core was not taken into account as discussed in Section 4.1.5.
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Therefore, it is concluded that the total pump trip, while a very limiting transient for reactors
with small hydraulic diameter and operating at high qualities, the BWR-HD unique features will
likely show the same MCPR change as the reference ABWR case.
4.1.5 Loss of FeedWater Heating transient
The decrease in coolant temperature can initiate a reactivity increase in addition to
thermal striping which is not desirable. The sequence of events listed in Table 4-5 is adopted to
simulate the LFWH transient. The FeedWater temperature for both designs is decreased by 100
*F and the simulation ends when the reactor scrams at the 118% power trip set point. The
Lungmen and NRC ABWR design certifications did not provide specific results regarding the
plants behavior during the transient, however, it is expected that modeling such transient is more
straightforward than the other transients.
Table 4-5 Sequence of Events for Loss of FeedWater Heating transient.
0 Initiate a 55.6 C (100 F) temperature
reduction in the FeedWater system
5 Initial effect of unheated FeedWater to
raise core power level
100 Reactor Power Scram due to 118% power
The NRC ABWR application lists the scram time to be around 435 seconds while in
Lungmen analysis it was about 100 seconds. The RELAP5 model reaches this level at 200
seconds with reaching steady conditions at about 50 seconds. However, since the MCPR will
reach a steady state value when the FeedWater temperature has reached a relatively steady state
regime, only 100 seconds of the simulation is modeled for the ABWR. The reactor power and
pressure can be seen in Figure 4-13, as the BWR-HD reaches the scram point more rapidly
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Figure 4-13 The (a) reactor Power and (b) the RPVpressure rise
transient.
70 80 90 100
during the Loss of FeedWater Heating
The core inlet flow rate and temperature are shown in Figure 4-14 as they will be used as
boundary conditions for the CPR analysis. The inlet core flow rate remains unchanged in Figure
4-14a as none of the RIPs trip until the SCRAM is initiated at end of the simulation. Figure 4-













the 8 degree decrease for the BWR-HD. The slightly larger decrease in the BWR-HD is
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Figure 4-14 The (a) core inlet flow rate and
(b)
(b) temperature during the Loss
transient.
The MCPR during the LFWH transient is shown in Figure 4-15. For the BWR-HD, delta













Lungmen being -0.13 AMCPR. While the void coefficient is lower, the faster temperature
decrease adversely affects the CPR margin as the thermal feedback is not able to keep up with
the decreasing temperature. This is the first transient in which the change in MCPR margin
violates the allowable CPR change of 0.2 for transients, if the AMCPRs are normalized to the -
0.13 reported AMCPR. However, the subchannel approach is not what is used by GE-HITACHI
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Figure 4-15 The MCPR during the Loss of FeedWater Heating transient.
If the bundle averaged approach is used then the AMCPR for both designs is -0.2, as
shown in Figure 4-15. Alternatively, if the EPRI correlation is used as it was in the study with
the LASP core, in place of the Hench-Gillis, then the change in AMCHFR is -0.175 and -0.134
respectively for the ABWR and BWR-HD. Thus, BWR-HD performs better if the EPRI
correlation is used. In fact in all the previous accidents, if the EPRI correlation was used then the
BWR-HD shows even smaller changes in AMCPR. However, the EPRI correlation is based on
CHFR as its applicability is under question, as described earlier. The increase in the rate of
power will also decrease if the larger vessel is accommodated in the RELAP5 model. Lastly,
Section 3.2.3 can be referred to for a more detailed sensitivity study using less conservative and
more realistic CPR correlations. It is calculated that the AMCPR is indeed comparable for both
the ABWR and the BWR-HD during the LFWH transient.
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4.1.6 FeedWater Controller Failure- Maximum Demand Transient
The FeedWater controller failure will also cause the coolant temperature to decrease, due
to the increase in the FeedWater flow rate which is at lower temperature than the saturated water
returning to the core from the separators. This transient is also the limiting event in the category
of excessive coolant inventory events. After 20 seconds of simulation the water level will
increase and reach the reactor trip set point. The reactor's RCIC is expected to start as the water
level will begin to drop, since the reactor trip opens the bypass valves and the reactor inventory
starts to decrease.
Furthermore, the increase in feedwater flow rate leads to the rise of the water in the reactor
pressure vessel. At 17.6 second, the turbine, feedwater pump and recirculation pump all trip due
to a high water level signal. The scram signal is activated, simultaneously. After that, the turbine
bypass valve starts to open. Since the capacity of the turbine bypass line is smaller than that of
the main steam lines, the system pressure increases until actuating the safety relief valves. A
back propagating pressure wave through the steam line reaches the core and causes compression
and condensation of the voids. As a consequence, reactor thermal power rises sharply due to the
void reactivity feedback, like the generator load rejection transient.
The sequence for the FeedWater Controller Failure is listed in Table4-6.
Table 4-6 The sequence ofevents for Feedwater Controller Failure Demand
0M Initiate 125% increase in feedwater
flow (pump runout)
20(s) The water level reaches the scram
20(s) set point causing the reactor trip
20 (est) Total bypass valve reaches 80%
Similar to the LFWH transient, the specific Lungmen data consistent with Table 4-6
sequence of events were not available for comparison. Figure 4-16 shows the reactor power and
the RPV pressure rise during the FeedWater controller failure transient. The BWR-HD design
reaches the scram set point in half the time as the ABWR design, since FeedWater is a larger
fraction of the overall core flow rate and more rapidly increases the PPV water level. The abrupt
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increase in power during the transient is caused by closure of the steam line valves as the turbine
bypass valve opens. Since the turbine bypass valve has a smaller capacity relative to the steam
lines, the pressure in the RPV upper dome increases and propagates back to the core, which leads
to collapse of the voids and an abrupt power increase right at the reactor SCRAM point. The
BWR-HD reaches a lower power peak as the core contains less volume of water and less
negative void coefficient compared to the ABWR design.
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Figure 4-16 The (a)
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In order to perform the proper CPR analysis, the inlet core flow rate and temperature are
shown in Figure 4-17. Similar to the power, the core flow rate starts decreasing in half the time
for the BWR-HD design compared to the ABWR, due to the RIP trip at the reactor SCRAM
point as shown Figure 4-17a. Figure 4-17b shows that the higher flow rate has a delayed effect
on the core inlet temperature due to the recirculation path of the flow. However, the quick level
rise in the BWR-HD takes place before significant changes in the inlet temperature occurs and
the reactor is scrammed when the temperature just starts to decrease, which is advantageous in
terms of CPR and thermal-mechanical performance the RPV.
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The MCPR for the FeedWater controller failure is shown in Figure 4-18 for the BWR-
HD and ABWR designs using the subchannel and bundle average methodologies. Both
methodologies show a smaller AMCPR for the BWR-HD compared to the ABWR design,
though the magnitude of this decrease is 4 to 5 times the reported value for the ABWR design
[Takeda et al., 1995]. The improved performance of the BWR-HD in this accident is expected as
the inlet temperature does not decrease as rapidly as the ABWR and the power increase is also












Figure 4-18 The MCPR during the FeedWater Controller Failure transient.
4.1.7 Reactor SCRAM Worth and Rod Withdrawal Transient
Since the ABWR technology employs Fine Motion CRDMs, the rod ejection accident is
no longer a design basis accident, and so the rod withdrawal transient is modeled in this section
in its place as the next limiting transient in the category of reactivity initiated transients. The
reactivity initiated accidents are modeled using the S3K code as BWRs are highly heterogeneous
and require full core neutronic model in order to properly take into account all the kinetic
feedbacks.
First, the SCRAM performance of the two core designs is assessed with the S3K code.
The rate of SCRAM was set at 95 cm/sec which results in the CRDs to be fully inserted for the
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ABWR and BWR-HD cores at 3.9 and 2.5 seconds respectively. For the RELAP5 analysis, the
SCRAM curve reactivity worth was conservatively reduced proportionally to the shorter BWR-
HD core height. This assumption is proven to be conservative as shown in Figure 4-19, which
gives more confidence about the BWR-HD having better or comparable AMCPR in all of the
above transients. After the SCRAM, not only the BWR-HD core more rapidly reaches a lower
percentage of power but also it reaches a lower total power compared to the ABWR core, even
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Figure 4-19 Core Power percentage and magnitude profile after immediate SCRAMfor the ABWR and
BWR-HD design
The partial contribution of the CRDs, moderator and fuel to the reactor SCRAM worth is
shown in Figure 4-20. The fuel reactivity is plotted on the secondary axis with a lower scale as it
is the smallest contributor to the reactor SCRAM worth. Figure 4-20 shows that the moderator
and the fuel contribute 80% and 40% higher positive reactivity change for the BWR-HD core
compared to the ABWR core. The main reason the reactivity of the BWR-HD being still more
negative than the ABWR during the simulated 10 seconds is that the CRD SCRAM worth, which
is most of the reactivity worth during the first seconds, is 15% higher for the BWR-HD
compared to the ABWR. It is noted that the BWR-HD has 213 CRDs compare to 205 CRD in
the ABWR with the same number of assemblies.
148






































7 8 9 10
(b)
Figure 4-20 The SCRAM reactivity contributions for (a) the ABWR and (b) BWR-HD designs.
The inadvertent rod withdrawal at EOC of the equilibrium cycle is modeled by removing
the inserted control rod at the core center at EOC. As shown in Section 3.1.1, both cores have
similar EOC reactivity and consequently have the same control rod pattern as shown from the
quarter CRD map for both designs in Figure 4-21. In both of the equilibrium core designs, the
















core peak power position is marked by the red circles in Figure 4-21 for the respective core
designs. The position for the core peak power is also the same position for the largest enthalpy







































































































Figure 4-21 The control rod pattern at EOC for the ABWR (Left) and BWR-HD (right).
The reactor power increase and the total reactivity are shown in Figure 4-22. The
reactivity insertion of the central CRD is higher for the ABWR due to the longer total height of
withdrawal. In addition, the ABWR core has a higher power distributed in the center relative to
the BWR-HD core design at EOC. The higher reactivity results in slightly higher power peak for
the ABWR core compared to the BWR-HD as displayed in Figure 4-22a. However, due to the
lower negative reactivity of the BWR-HD, the final steady state relative power is slightly higher
for the BWR-HD.
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Figure 4-22 The (a) core power and (b) reactivity during a CRD withdrawal at EOC.
The peak fuel enthalpy node along with assembly pin powers are also tracked during the
simulation. The peak fuel enthalpy addition for the ABWR core was minimal but the BWR-HD
design had a fuel enthalpy rise on the order of 30 Calories/g, which is far less than the likening
limit of 170 Calories/g. The transient peak pin linear heat rate along with the central assembly
peak pin linear heat rate can be seen in Figure 4-23. These linear heat rates are comparable to
the peak node modeled in VIPRE under steady state conditions. Figure 4-23a also shows that the
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Figure 4-23 The peak LHGR for (a) the peak pin in the core and (b) the peak LHGR for peakpin in the
central assembly during a CRD withdrawal at EOC.
The MCPR can be calculated by VIPRE during the CRD withdrawal transient and its
result is shown in Figure 4-24. It can be seen that with the bundle average method the BWR-HD
outperforms the ABWR slightly with .04 AMCPR less change compared to the ABWR.
However, the same trend as the LFWH accident is seen as the BWR-HD MCPR decreases
drastically using the subchannel level model, as the CPR using the Hench-Gillis correlation is
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Figure 4-24 MCPR during the rod withdrawal transient.
Figure 4-23 can be used as input to the FRAPTRAN simulation of both the high burnup
central node (72 MWD/kg) and the peak node medium burnup (30 MWD/kg) pin axial nodes for
comparison between the ABWR and the BWR-HD designs. The sharp decrease in the linear
heat rate for the high burnup fuel does not produce any interesting results. Therefore, for a
conservative analysis, the peak pin power profile in Figure 4-23a is used with the high burnup
fuel node for both the ABWR and BWR-HD designs. At 72 MWD/kg burnup, both designs have
PCI as the fuel to cladding gap is closed.
The Average fuel and cladding temperatures along with their associated stored energy are
shown in Figure 4-25. As seen for all the parameters in Figure 4-25, the BWR-HD shows lower
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Figure 4-25 The average fuel temperature (a) and cladding temperature (b) with the energy stored in the
fuel (c) and the cladding (d) during the rod withdrawal transient.
The fuel stack elongation and cladding stack elongation, axial strain and hoop stain are
shown in Figure 4-26. While the fuel and the cladding elongation magnitude changes are of the
same order for the two designs, the magnitude of change for the BWR-HD is 35% higher, though
the actual magnitude is insignificant. While the cladding axial strain magnitude is lower for the
BWR-HD design, the hoop strain is higher and has a larger increase during the transient, as
shown in Figure 4-26d.
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Figure 4-26 The stack elongation for the fuel (a) and the cladding (b) along with the cladding axial (c)
and hoop (d) strains during the rod withdrawal transient.
The contact pressure and the cladding effective stress are shown in Figure 4-27. The
BWR-HD exhibited higher hoop strains, but the effective stress and the contact pressure are
lower as the cladding thickness for the BWR-HD is smaller compared to the ABWR pin. From
the steady state FRAPCON results shown in Section 3.1.3, it is expected that the BWR-HD
cladding will have the same ductility as the ABWR. It can be concluded that while the BWR-
HD may exhibit longer axial and radial strains, the stresses of the cladding would be lower and
its performance is deemed acceptable.
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Figure 4-27 The (a) contact pressure between the fuel and the cladding and (b) the cladding effective
stress during the rod withdrawal transient.
4.1.8 Loss of RPV Inventory and Long Term cooling Transient
With the events following the 2011 tsunami at the Fukushima Diachi site in Japan, the
attention to the RPV water inventory and spent fuel pool cooling have been increased. The
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Fukushima Diachi reactors that were affected adversely by the hydrogen explosions and the lack
of available offsite power were all of BWR type, but not ABWR type reactor system. Unlike the
old BWRs, the ABWR requires no operator action or offsite power to maintain the core water
level during the first 72 hours. Though, it does require onsite power in the form of emergency
diesel generators (EDG). Consequently, the core damage frequency of the ABWR is much
smaller compared to the other BWR designs. The main improvement in the area of loss of
inventory accidents was achieved by going to internal pumps and reducing the large core
penetrations at the lower elevations of the RPV.
The ABWR safety system uses a combination of completely redundant and independent
mechanical and electrical divisions with high and low pressure make up capabilities. In case of a
loss of offsite power there are here emergency diesel generators, in fact the Lungmen plant
currently being constructed in Taiwan has a 4th diesel generator. In case the diesels fail, there is
a large gas turbine generator available to use as well. The main safety systems of the ABWR
along with the evolution of its core injection and flooder systems from previous BWR designs is
shown in Figure 4-28. Provided the location of the generators and their fuels are protected
against seismic load damage and/or flooding, water circulation can be maintained for 72 hours or
more.
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The ABWR containment design has many features to deal with server accidents. Similar
to Mark I containments, the ABWR containment is inerted, which reduces the possibility of
Hydrogen explosions. The containment has lower drywell flood capability in addition to lower
drywell special concrete and sump protection. Similar to previous BWR designs, the ABWR
suppression pool has fission product scrubbing and retention capabilities. The ABWR
containment also has an over pressure protection to reduce possibility of damage to containment
structures. While the ABWR does have all these added severe accident mitigation systems and
far larger containment design than the previous BWR reactors, its overreliance on active safety
system is considered a weakness in terms of PRA of the reactor design compared to an AP1000.
Currently, the safety analyses and regulators anticipate lower core damage frequency
calculation in PRA, and promote the use of passive safety systems for reactor designs. The
ABWR II preliminary design promises use of more passive systems and more redundancy. The
ABWR II safety systems shown in Figure 4-29, have four RHR divisions with diversified
emergency power supply. The RCIC system is still intact with addition of passive heat removal
systems. It is expected with the reliance on passive heat removal systems as a backup and
improvements in the reactor building cooling water system, the cost of the equipment for the
ABWR II would be less than the ABWR plant as well as lower core damage frequency [IAEA,
2004].
aint
Figure 4-29 ABWR II safety system and containment layout [IAEA4, 2004].
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In terms of the assessment of the BWR-HD vs. the ABWR design performance during a
loss of coolant type accident, the listed parameters in Table 4-7 are important to note. It can be
seen that the BWR-HD is expected to perform well compared to the ABWR plant as the volume
of water present in the vessel is slightly larger and the linear heat rate is smaller. Even though
the vessel has shrunk by 2 m the vessel diameter has increased to accommodate the larger power
output. The BWR-HD core also has over 20% less zirconium in the core, along with 35% less
fuel during nominal operation compared to the ABWR reactor. In addition, if the cost saving in
fabrication of the shorter vessel is deemed to be small, the BWR-HD vessel can have the same
nominal height as the ABWR and its RPV water inventory will further increase and improve its
transient response to loss of coolant type accidents.
Table 4-7 The ABWR and BWR-HD design parameters important in loss of coolant accidents.
RVDOME (M3) 236 289
CoeFluid Volume (M3) 70 60
Downcomer Region (m3) 214 196
Upper Plenum (M3) 60 53
Lower Plenum (M3) 102 95
Total Fluid Volume (M3) 682 693
Fuel Loading (MtU) 157 115
Zirconium Loading (Mt) 75.2 61.7
Water Level Above the Core (m) 4.4 4.7
Number of CRD Penetrations 205 213
Number of Pump Penetrations 10 10
Containment (Diameter/Height) (m) 29/36.1 29/31.4
Core Linear Heat Rate (kW/m) 13.23 10.86
Core Specific Power (kW/kg) 31.85 43.48
Core Power Density (kW/L) 50 82
The BWR-HD already showed better transient performance even with the same steam
flow areas which will limit the rate of loss of inventory under accidents such as the MSLB. The
rate of loss of coolant in LOCA's are stronger function of the break flow area compare to the
flow rate at the break area and therefore both plants are expected to behave similarly as it was
shown in the LASP analysis. Specifically regarding the MSLB, the ABWR II design that is rated
at the same power as the BWR-HD uses a new type of MSIV. The new MSIV's bore diameter is
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increased and the center of gravity of its driving mechanism is lowered to minimize the pressure
loss and to increase the plant efficiency, in addition to providing better seismic capability [IAEA,
2004].
4.2 Stability Performance
The MIT STAB code along with the S3k code described in Chapter 2 are utilized to
model stability for a wide range of operational conditions for the BWR-HD as compared to the
ABWR. The stability analysis is a crucial design concern for any BWR system as it is required
for licensing and plant operation. In all the previous MIT BWR studies, the power to flow ratio
was kept constant in order to preserve the stability of the system. Typical stability analysis
covers single channel thermal-hydraulic, coupled neutronic regional out-of-phase oscillations,
and coupled neutronic global in-phase core stability. The core neutronics coupled to thermal
hydraulics and at times the "unstable" nature of two phase flow have caused instabilities at
certain conditions for BWRs. Table 4-8 lists the important parameters that can lead to
differences in stability performance of the ABWR and the BWR-HD designs. The BWR-HD
possesses a shorter core and smaller reactivity feedbacks, which are expected to help with
stability and lowering of the perturbation in decay ratio. The shorter length provides very large
stabilizing effect as it shortens the transient propagation time. The small void coefficient allows
for a more natural response to the system oscillations.
Table 4-8 The specifications ofparameters for the BWR-HD and ABWR designs related to stability.
Active Fuel Length (m) 3.7 2.4 +
Core Pressure Drop (kPa) 128 97 *
Core Exit Quality (%) 19 22 -
Assembly Mass Flux (kg/m 2-s) 1577 1262 -
Core Outer Diameter (m) 5.32 5.90 -
Fuel Time Constant (sec) 6 4.1 -
Pin Heat Flux (kW/m2) 410 496 -
Sub cooling Temperature (*C) 10 15 *
Coolant Average Void Fraction (%) 43 48 -
Void coefficient (PCM/% void) (EOC) -144 (-124) -111 (-46) +
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In the SIMULATE3 model, the core assemblies' inlet loss coefficient was increased by
20% to promote more flow to the bypass region as it will also increase the stability of the BWR-
HD. The BWR-HD still possess a lower core pressure drop with the increase in the inlet loss
coefficient, due to its shorter height. The pressure drop ratio of the subcooled region to the two
phase region is kept almost the same, as a higher two phase pressure drop usually destabilizes the
system. The BWR-HD has smaller diameter pins compared to the ABWR. With a smaller pin
diameter, the response time from heat generation in the fuel to heat transfer to the coolant is
reduced, which destabilizes the system. The smaller pin diameter also reduces the thermal time
response which is proportional to the volume to surface area ratio that also destabilizes the
system. The other parameter with destabilizing effects for regional stability is the larger core
diameter of the BWR-HD.
4.2.1 Single Channel Thermal Hydraulic Stability
The single channel thermal hydraulic instability is an instability that might develop in a
single assembly due to its flow perturbation. In this case, neutronic feedback and flow
fluctuations introduced in other assemblies can be neglected. Unlike PWRs, a BWR channel box
prevents radial cross flow among assemblies. It has been shown that the hottest single channel in
the core is more susceptible to instability than the other assemblies. The oscillations are of
density wave type where the pressure drop characteristic delays the response at the exit to
changes of the inlet velocity and that will result into oscillations in the flow in the channel.
Table 4-9 The hot channel thermal hydraulic decay ratio for ABWR and BWR-HD.
Base Design 0.1506 0.1579
No Part Length Rods 0.1737 0.1723
No WR or Part Length Rods 0.1592 0.1544
With ABWR Subcooling -- 0.1609
For this type of instability the BWR-HD design performs similar to the ABWR design,
and all fluctuations decay away as shown in Table 4-9. In this case, even though the void
fraction is higher than the ABWR designs by 5 percent, the shorter length of the rod is the
dominant stabilizing factor. Table 4-9 also shows that the 5 degree cooler inlet temperature of
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the BWR-HD has a stabilizing effect on this mode of instability as the two phase flow region is
reduced. The addition of partial length rods has a stabilizing effect while the water rods show
destabilizing effect most due to the fact that the void fraction is higher in the assembly with the
presence of water rods.
Figure 4-30 shows the sensitivity of the decay ratio in the single channel thermal
hydraulic stability to inlet orifice coefficient, power and mass flow rate. The BWR-HD model
shows more sensitivity to the inlet orifice compared to the ABWR. However, with 50% less
orifice coefficient it is still in the stable region. For Figure 4-30b, the BWR-HD shows similar
sensitivity to changes in power compared to the reference ABWR. In terms of changes in mass
flow rate, the decay ratio actually becomes smaller than that of the ABWR at lower mass flow
rates. Similar to the power, the magnitude of the change in decay ratio is not large and the design
is deemed as stable.
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4.2.2 Core Regional out-of-phase Stability
The coupled neutronic regional out-of-phase instability has been observed in several
BWRs across the world during startups. The out-of-phase term comes from the fact that half of




flow rate remains constant as does the pressure drop across the core. This type of instability
occurs at a constant total core flow rate. Typical regional STAB analysis divides each half of the
core into three radial regions distinguished by power level. About 1/5t of the assemblies are high
powered and 1/5t are low powered and the rest are considered middle powered. It has been
shown that the three power region modelling is enough to capture the stability of the system
accurately [Kito et al., 2010]. Unlike the single channel instability analysis, in this case, the
neutronic feedback is applied in the calculations. The neutronic coefficients are taken from the
respective design's SIMULATE3 core models. The kinetic parameters such as the neutron time
constant and the six group delayed neutron fractions and their respective yields are used as inputs
into STAB. The decrease in delayed neutron fraction is shown to have a destabilizing effect and,
as listed from Table 4-1, the BWR-HD has slightly higher delayed neutron fraction. Table 4-10
lists the stability results for the core out-of-phase stability mode at 100 percent power and flow
rate. The base design assumes that there are no part length rods for conservative analysis. Also,
the code structure is not able to model the presence of partial length rods effectively. Table 4-10
shows that in this mode of stability, the water rods have a stabilizing effect. It is also shown that
the extra 5 degree of subcooling for the BWR-HD design has destabilizing effect. This is the
reverse trend from the single channel case caused by the added power imbalance in the
subcooled length of oscillation among the channels. Overall, the BWR-HD design's lower void
reactivity coefficient at BOC and EOC results in lower decay ratio compared to the ABWR
design.
Table 4-10 The out-of-phase core wide decay ratio for the ABWR and BWR-HD at 100 percent power and
flow.
Base Design (no part lengh 0. 256 5 0.2331
no Water Rods 0.2742 0.2572
With ABWR Subcooling -- 0.19
With EOC Reactivit Coefficient 0.2353 <0. 10
Figure 4-31 shows the sensitivity of the decay ratio to the inlet orifice, power and mass
flow rate as well as the void coefficient under the core out-of-phase stability mode. Figure 4-31
shows the BWR-HD is more sensitive to the changes in the inlet orifice while the ABWR shows
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more sensitivity to changes in power and flow. In all the three cases the BWR-HD possess a
lower decay ratio over the simulated range. In case of void reactivity, the BWR-HD shows more
sensitivity and also shows that for the same void coefficient as the ABWR, its decay ratio would

































































Figure 4-31 The decay ratio sensitivity of (a) the inlet orifice, (b) power, (c)flow and (d) void coefficient
in core regional out-phase stability.
4.2.3 Coupled Core wide Global Stability
The coupled neutronic core-wide in-phase instability has also been observed in low flow
and natural circulation conditions. In this case, the oscillations due to two phase flow density





only component in the whole reactor system that can affect the core-wide in-phase instability. In
addition to the core, the riser, separators, downcomer are accounted for in the loop model of the
BWR. In this mode, the pressure drop across the core is not constant, but the pressure drop in
the vessel does remain constant. The stab code was hard coded with jet pumps, but the ABWR
only possess internal pumps. Therefore this analysis was performed with the old BWR4 type
vessel structures. For a more realistic approach the S3K code is used in Section 4.2.4 with the
accurate model of the ABWR vessel structures and internal pumps as its results and trends were
comparable to the STAB code with the BWR/4 structures for the global stability mode. Table 4-
11 lists the different decay ratios of the core wide in-phase stability mode with different
assumptions. Similar to the regional stability mode, the water rods and smaller subcooling
provides stabilizing effect on the designs. However, mainly due to the lower void coefficient the
BWR-HD shows better stability margin compare to the ABWR design. In general, the higher
void fraction present in the upper plenum and separators has destabilizing effect in this case, and
the decay ratio increases however the upper plenum of the BWR-HD design us 1 m shorter
which counters the presence of higher void fraction.
Table 4-11 The decay ratio of core wide in-phase oscillation for the ABWR and BWR-HD at 100 percent
power andflow.
Base Design (no part length) 0.3567 0.2858
no Water Rods 0.3794 0.2272
With ABWR Subcooling -- 0.2616
With EOC Reactivity Coefficient 0.3495 0.1377
Figure 4-32 displays the sensitivity of the core wide in-phase stability mode to the inlet
orifice, power, flow and the void reactivity. For this mode of stability the STAB code struggled
with numerical convergence and some of the data points seem counter intuitive. However, all
the trends are in the expected direction. Figure 4-32 displays a larger reduction in the decay
ratio for the BWR-HD under this mode of stability which is the most limiting stability mode for
reactor operation. Similar to the core regional stability mode, the BWR-HD would have had a
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Figure 4-32 The decay ratio sensitivity of (a) the inlet ori ice, (b) power, (c)flow and (d) void coefficient
in core-wide in-phase instability.
4.2.4 Stability Exclusion Region
According to the general design criteria 10 and 12 of 1 OCFR50, all reactor designs must
provide stability solutions in their plant's power flow operational maps. GE-HITACHI
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recommends two approaches for operational stability: detection and suppression or preventive
feature. The second approach is used by devising an operational exclusion region in the power
flow map characterized by high probability of instability. The exclusion region of the ABWR
operation boundary is available from Hitachi [Fennern, 2007] and is displayed in Figure 4-33.
The STAB simple approach and its ABWR type modelling deficiencies motivated the use
of S3K code which is used by BWR plants in Europe to perform stability analysis. The BOC
SIMULATE3 model of both designs was used for the S3K calculations. As mentioned, both core
models have very similar burnup, power peaking, excess reactivity and CRD position at BOC of
the equilibrium cycle and therefore a fair comparison can be made by decoupling the core design
assembly loading patterns the two design's stability modes. Table 4-12 compares the S3K global
stability decay ratio to the ABWR with the BWR-HD design. The GE-Hitachi uses 0.8 as the
bounding decay ratio [Yamada et al., 1999] which is consistent with the results calculated using
BOC S3K at the exclusion and operational zone boundary as listed in Table 4-12. The new
exclusion boundaries for BWR-HD design were found by slowly moving inside the unstable
region. Whenever the decay ratio was greater than 1.0, the code did not converge as the power
oscillation became larger with time.
Table 4-12 The S3K results for the ABWR and BWR-HD decay ratiofor the global mode of stability at
various operating conditions.
10 100 0.525 0.48 1
40 30 0.79 0.454
40 60 0.82 0.684
30 30 >1 0.81
35 40 >1 0.83
Table 4-12 BWR-HD global stability decay ratios result in the enhancement shown in the
ABWR exclusion zone in Figure 4-33. The other enhancement shown in Region II is directly
due to the lower nominal mass flow rate rating the BWR-HD compared to the ABWR.
Therefore, the moisture limit reached for separators, occurs at a higher relative flow rate
compared to the ABWR, and the enhancement line reflects the flow rate that would match the
quality achieved by the ABWR at those regions. It is noted that if hotter feedwater flow rate is
supplied to match the ABWR subcooled temperature, the BWR-HD will possess even better
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stability margins and larger power flow operational map. The increase in feedwater temperature


















Figure 4-33 The ABWR power flow map [Fennern, 2007] with the BWR-HD enhancements.
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Chapter 5 Helical Cruciform Fuel
5.1 Objective
The purpose of this chapter is to examine the potential for confirmation of the previous
work by application of high fidelity tools and models. The analysis will also corner the special
features of this geometry through advanced simulation methods in the fields of neutronic,
thermal hydraulics, materials and fuel performance. Specifically, there are three objectives:
1. Assessment of the impact of the new geometry on the thermal hydraulic constitutive
relations of this new geometry using CFD tools: (a) The friction factor and its
dependence on the twist (b) The phenomena of DNB or dryout.
2. Assessment of the effects of neglecting the 3D aspects of the fuel design and
licensing.
3. Assessment of the safety performance of the uprated designs that use the HCF
compared to the current LWR in the area of neutronics , thermal hydraulics and fuel
performance.
While the main focus is on BWRs, the applicability of the methods and results shown is
also applied to the PWR design, periodically. This entire analysis is of a preliminary and
qualitative nature compare to the analysis shown in the previous chapter. As will be shown,
most of the available advanced methods are still under development and the HCF design and
licensing will still have to rely on large experimental databases.
5.2 Design Overview
Since the rise of nuclear power as a major energy source, the Light Water Reactor (LWR)
fuel design has evolved to optimize safety and economics of power plants. The rise in the cost of
construction of new nuclear power plants over the years, has led to fewer construction projects
and more focus uprating of existing power plants. Therefore, a new fuel design that is able to
improve plant safety and economics, while using existing plant systems is of major interest for
the nuclear industry in US and across the world. The fuel evolution that resulted into the recent
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gains in safety and power density has been mostly due to changing the diameter, pitch to
diameter ratio of fuel pins and the assembly array size of both Boiling Water Reactors (BWRs)
and Pressurized Water Reactors (PWRs). However, the geometry and materials of the fuel in
almost all commercial reactors have remained to be of thin cylindrical shape, and of Zircaloy
cladding and U0 2 pellets.
The Helical Cruciform Fuel (HCF) rod is a fuel geometry that is able to increase core
power density drastically [Conboy et al., 2010]. As seen in Figure 5-1, the HCF is composed of
four petals helically wrapped around a cylindrical rod. The main advantage of the design is that
it has more surface area to volume ratio compared to the cylindrical geometry. Other advantages
include increase in lateral coolant mixing due to the helical geometry and lower fuel maximum
temperature due to shorter equivalent heat conduction path to the coolant. An important
advantage of an HCF rod array is that it does not require spacer grids, as each rod rests on the
neighboring rods every 90 degree twist. The original design of HCF rods is based on a three
petal version used in Russian ice breaker reactors and proposed to be used in VVER designs
[Bashkirtsev, 2005].
Figure 5-1. HCF Geometry used for this analysis (uranium oxide fuel) [Conboy et al., 2010].
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The HCF specific geometry considered for BWRs, SP3, by Conboy et al, 2010, conserves
the fuel volume of an equivalent GE9 fuel assembly design; therefore a direct comparison of its
thermal hydraulics and neutronic behavior can be done. A comparison of geometric parameters
of an HCF rod and a reference BWR fuel rod is listed in Table 5-1. The HCF heated perimeter is
almost 30% larger than that of the reference design resulting in larger cladding volume, which
results in a reduction of 8 % in the H/HM ratio. This results in a reduction in the average heat
flux and fuel temperature. However, it is noted that the geometry of these HCF rods produce a
non-uniform heat flux, which at the maximum position has a 60% higher heat flux than the
average. The heat generation inside the fuel pellet results in an uneven heat flux distribution, an
effect not encountered in the cylindrical fuel rod geometry. It has been shown that such
geometry is capable of uprating a PWR by 49% and a BWR by 24% while improving or keeping
the thermal hydraulic margins constant [Conboy et al., 2010].
Table 5-1 The reference cylindrical rod and HCF rod dimensions.
Rod Type Fuel Cross- Rod Cross- Rod Rod-to-Rod
Sectional Area Sectional Area Perimeter Pitch
(cm2) (cm2) (cm) (cm)
Ref. BWR 0.716 0.981 3.511 1.431
HCF 0.716 1.063 (+8%) 4.517 (+29%) 1.431
5.3 HCF Neutronic Design
5.3.1 Methodology Overview
The current status of neutronic analysis is to rely on industry codes such as CASMO/
SIMULATE. The standard practice for PWRs and BWRs is to first start at an assembly level
calculation and then move to a core level calculation. The assembly level calculation involves
solving the Boltzmann transport equation by using typically raw "fine" energy group cross
section libraries in a detailed spatially resolved grid. The lattice (assembly) physics calculation
passed on to the core simulator includes: few group cross sections and reaction rates in addition
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to branch and history effects of the assembly due to changes in temperature, moderator density or
presence of control rods. Therefore, the assembly geometry of interest needs to be analyzed over
a wide range of conditions. Most of the nuclear industry lattice physics codes use deterministic
methods, such as the method of characteristics, while all the core simulators use deterministic
methods such as nodal diffusion. However, in addition to being limited in terms of proper cross
section libraries available, most of these codes are spatially limited to cylindrical geometry and
typical LWR conditions.
In case of nontraditional geometries, such as the HCF rods, continuous Monte Carlo
transport solvers can be utilized. The major drawback is the computational time required to
achieve low/acceptable levels of uncertainly. In order to partially overcome this handicap, the
three-dimensional continuous-energy Monte Carlo reactor physics burnup calculation code,
developed at VTT Technical Research Centre of Finland, SERPENT, will be used [Leppanen &
Maria, 2009]. SERPENT takes advantage of a variety of acceleration techniques in addition to
providing automated typical core simulator inputs such as homogenized cross sections. In this
paper a neutronics comparison of the Table 5-1 geometries will be made, focusing on spatial and
thermal impacts of the HCF geometry on reactivity. The use of SERPENT can provide the basis
for benchmarking a coupled deterministic neutronic-thermal-structural code that can model the
HCF rods accurately within its operational domain.
SERPENT code input resembles the better known codes KENO and MCNP as described
briefly in Chapter 2. The code uses a combination of ray tracing and woodcock delta tracking
method to speed up its calculation compared to analog Monte Carlo. The drawback to this
method is its inability to keep track of neutron path length. Therefore, no actual currents can be
tallied on boundary surfaces and the code is not suited for shielding calculations. SERPENT has
post-processing features for reactor physics calculations superior to MCNP5. SERPENT outputs
effective and infinite multiplication factors calculated using different methods, homogenized few
group cross section along with pinwise power distributions. The continuous-energy reaction
cross sections in SERPENT are also reconstructed using a single unionized energy grid for all
nuclides, which speeds up the calculations considerably. All results are accompanied by the
associated relative statistical errors. The current version of the code is also not parallelized and
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therefore is still impractical for design iterations compared to deterministic codes [Leppanen &
Maria, 2009].
For the purpose of comparing designs, the analog estimate of kmf is used for this analysis.
For all calculations, 6000 particles with 500 cycles and skipping 50 cycles were applied. The all
reflective boundary condition was used for most of the analysis; however, periodic boundary
conditions were tested throughout to ensure reproducibility of the results. The MCNP5 kmf for
the referenced GE 11 pincell agrees well with SERPENT, within 50 pcm with 0.03% Ak/k, one
sigma uncertainty using ENDF7 libraries. The order of magnitude of this uncertainty is
conserved throughout the entire analyses in this section. With the current advances in reactor
physics methods and cross section data libraries, anything above 100 pcm or 0.1% Ak/k is
considered a significant change.
5.3.2 2D Pincell Analysis
The referenced GEl 1 cylindrical rod and an equivalent HCF (same fuel area) rod are
modeled in SERPENT. All models have 4.5% enrichment with 660 kg/m3 moderator density,
and 900 K and 600 K fuel and moderator temperatures. For the HCF case, the 45 degree rotation
case is also included. Given the square pitch of current western BWR and PWR assemblies,
there is an effect induced by changes in the Dancoff factor of the geometry. To capture this
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Figure 5-2 Pincell models in SERPENT (above) and the flux energy spectrum comparison ofthe
reference and HCF rods (below).
Table 5-2 lists the ki values for Figure 5-2 geometries. The kfi of HCF is 0.43 % Ak/k
less than the cylindrical rod, due to the higher cladding volume. The other competing effect is
that the HCF geometry has lower U238 absorption (less self shielding), which will result in lower
fast fissions. This is further confirmed by the spectrum plot of the reference cylindrical rod vs.
HCF rod in Figure 5-2, showing higher thermal neutron population. The effect of the twist
shows 0.22% Ak/k additional reactivity which could be explained by the increase in perimeter
that the fuel is exposed to the moderator for this specific geometry. It is important to note that
the difference in reactivity between the cylindrical and HCF rods diminishes under nominal
operation as the lower average temperature in HCF reduces the absorption in U238. In order to
properly explain this effect, a brief sensitivity study will be performed in the next section.
Table 5-2 The Ki,f comparison ofreference geometries in Figure 5-2
Rod Geometry Cylinder HCF HCF-45
Kf 1.3513 1.3456 1.3486
Ak/k (%) -- -0.43 -0.20
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The sensitivity to the rotation of a HCF rod has also been investigated. Two cases are
analyzed: the first is the same HCF rod geometry with water replacing the zirconium cladding
and the second case is replacing the cladding with an equivalent fuel area. The rotated nominal
case and these two geometry cases can be seen in Figure 5-3.
Figure 5-3 The reference HCF rotated geometry (left), the rotated HCF where cladding is replaced with
coolant (middle) and where cladding is replaced with fuel (right).
Table 5-3 lists the result of this analysis and displays two main features. First, by using
the reference BWR fuel volume it shows, that the HCF pincell is still in the under-moderated
region. The addition of the moderator, instead of cladding material, increases the kmf by 4.5%
Ak/k and the addition of the fuel decreases the kmf by 4.1% Ak/k, compared to the nominal HCF
design with cladding.
The more interesting second feature is that in the case where the coolant replaces the
cladding material, kmf is more than that of the nominal case and the rotation further increases the
kmr observed. While in the case where the cladding is replaced by fuel, the opposite takes place,
the kmr actually decreases due to the rotation. This shows an interesting relation between the
rotation angle and the H/HM ratio. This unique HCF phenomenon can be expressed better in
terms of the four factor formula parameters, also listed in Table 5-3.
The four factor formula, which is less frequently used today, is able to describe the HCF
neutronic performance more clearly. The four factor formula is the multiplication of r1, f, p and
E. The reproduction factor (q), which is the number of fission neutrons produced per absorption in the
fuel, doesn't show much sensitivity for the cases in Table 5-3. The nominal HCF case's reactivity
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change due to rotation is dominated by change in the thermal utilization (f) factor, which is the
number of fission neutrons produced per absorption in the fuel. This is due to the increase in the
rod perimeter facing the moderator, hence giving it better chance of receiving thermal neutrons
which means more fissioning in the fuel. In the case where coolant replaces the cladding, the
reactivity change due to rotation is dominated by an increase in resonance escape probability (p).
In this case, the thinner mid section of the fuel compared to the moderator area, accounts for
10% increase in the resonance escape probability and 5% decrease in fast fission factor (E),
which is the ratio of fissions by fast neutrons compared to total fissions.
Table 5-3 Comparison of the HCF kfandfourfactorformula parameters in case of Rotation
(R=Rotated)
Rod Type KJ Ak/k (%) Au/ q(%) Af/f (%) Ap/p (%) AE/E (%)
HCF Nominal 1.34559 -- -- -- --
HCF Nominal R 1.34861 0.22 0.09 0.24 -0.10 -0.05
HCF COOL 1.40559 -- -- - -- --
HCF COOL R 1.40968 0.29 -0.03 0.09 0.34 -0.03
HCF FUEL 1.29005 -- -- -- -- --
HCF FUEL R 1.28823 -0.14 -0.07 0.16 -0.54 0.30
The case where the cladding is replaced by fuel has thicker fuel region and it has 24%
less "p" compared to the nominal case, which results in a lower kmf. In this case, the rotation
affects "p" the most, as the smaller moderator area results in higher energy neutrons interacting
with the thicker fuel and getting absorbed by U238 . These results suggest that the rotation affects
several geometric variables, which may increase or decrease reactivity, and the magnitude of the
change cannot be ignored.
5.3.3 2D Assembly Geometry Analysis
In this section, the 2D average BWR operating conditions (45% void) are used for a
typical GE 11 assembly and its reactivity is compared to the equivalent HCF rod geometry as
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seen in Figure 5-4a. The GEl 1 assembly water rod geometry was changed to match the HCF
assembly water box geometry for the purpose of comparing the designs. The enrichment of the
assembly ranges from 4.95 to 2.6% and contains 2-5% Gd enriched rods, easily seen in the
thermal flux plots Figure 5-4b. The presence of spacer grids for the nominal cylindrical GE 11
assembly is ignored. The HCF design does not require spacers as each rod rests on the
neighboring rod at points repeated axially for every 90 degree turn. However, while this might
be tolerable in a PWR assembly, in a BWR assembly there is an extra gap between the rods and
the assembly box. This extra gap becomes valuable thermal hydraulically by allowing more
mixing for the edge and corner subchannels and is significant neutronically (2,300 pcm worth).
To accommodate this extra gap and to provide more structural stability for the fuel next to the
water rods, the design uses zirconium holders, whenever the rods make contact. The worth of the
extra zirconium replacing water is about 400 pcm as listed in Table 5-4 under "HCF-noH" case.
(b)
Figure 5-4 The GEJ I nominal geometry compared to equivalent HCF geometry with its spacer holders
and the 45 degree twist HCF geometry (a) and their thermalflux distribution (b).
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Table 5-4 also lists the kmr of the Figure 5-4 designs. It can be seen that there is about 5%
reactivity decrease for the HCF rods compared to the nominal design. This large decrease in
reactivity contradicts the expectation from the pincell comparison of average enrichment and
moderator density in the previous section, which was less than 1% Ak/k. This large decrease in
reactivity will be analyzed in the separate effect test in the next sections. Table 5-4 further
shows that the rotation of the HCF rod doesn't affect the assembly wide kir by more than the
magnitude of the reactivity induced rotation of a HCF pincell and is not very sensitive to
neighboring rod enrichments.
Table 5-4 The cylindrical and HCF assembly kffor Figure 5-4 geometries (noH = no holders)
Rod Geometry Cylinder HCF HCF-noH HCF-45
kmf 1.12394 1.06821 1.07263 1.07519
Ak/k (%) -- -4.96 -4.57 -4.34
The burnup of the nominal cylindrical and HCF geometries in Figure 5-4 are simulated,
using SERPENT, to 40 MWD/kg. Since the burnup module of SERPENT has not been fully
benchmarked yet, the results are considered preliminary. For the reference case, one burnable
region per pin and 5 burnable regions per pin were used for U235 enriched and gad-enriched fuel
rods, respectively. For the HCF assembly, due to the lower flux in each of the 4 petals, they
were burned separately from the rest of the body of the HCF individual rod, as a first
approximation. The unresolved resonance probability table was used for the depletion, in
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Figure 5-5 The Burnup of the HCF Reference assuming I ring and 5 rings per gad rods.
As seen from Figure 5-5, the reactivity of both designs does not match very well until
after the gad hold down period. After 12 MWD/kg, the two designs follow the same reactivity
slope, with the HCF design having 1% Ak/k less reactivity compared to the Reference design.
The difference is mostly due to the higher U238 self shielding that will help at high burnup due to
the increase in Pu content. Another hindering effect not modeled in the reference design is the
extra zirconium due to the presence of spacer grids.
5.3.4 Separate Effect Examination
In order to properly quantify the results seen in the previous sections, a separate effect
analysis is carried out on the nominal HCF pin design. Table 5-5 summarizes the results and
shows that the difference between the cylindrical and HCF geometry varies greatly as a function
of U235 and Gd enrichment. There is a 1.2% Ak/k sensitivity of the reactivity difference between
the cylindrical and HCF geometries, when moving from 4.5% to 1% enriched U235. This is due
to the effect of decreasing U238 shielding as a function of enrichment due to the 29% higher fuel
perimeter facing the moderator compare to nominal GEl 1 rod geometry with the same fuel
volume.
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Table 5-5 The separate effect cases for nominal HCF geometry.
Rod type Cylinder HCF Ak/k (%)
4.5% U 0% Gd 660 kg/m3 1.35134 1.34559 -0.43
3.0% U 0% Gd 660 kg/m3 1.27753 1.27223 -0.41
1.0% U 0% Gd 660 kg/m3 0.98764 0.97123 -1.66
4.5% U 5% Gd 660 kg/m3 0.52652 0.49181 -6.59
4.5% U 3% Gd 660 kg/m3 0.55608 0.52306 -5.94
4.5% U 0% Gd 900 kg/m3 0.90794 0.90054 -0.82
4.5% U 0% Gd 100 kg/m3 1.4165 1.40669 -0.69
The difference is even more pronounced, in the cases where Gd is present. The kmf of
HCF and cylindrical rods is different by as much as 6.5 to 6% Ak/k in the presence of Gd. It is
noted that the calculation of such low eigenvalues that are far from 1 should not be trusted;
however, there is strong evidence that this effect is very significant due to the more spread out
Gd presence within a pincell, and the results seen for HCF assembly burnup up to 12 MWD/kg
in Figure 5-5. The change in the coolant density also affects the HCF rods differently from the
cylindrical rods. The higher density seems to increase the HCF reactivity less while the lower
density seems to decrease HCF rods reactivity more compared to the cylindrical rods, implying
different void coefficients for the HCF type fuel.
2D Spatial Gadolinium Analysis
The extremely significant gadolinium effect of HCF rods was realized only for the
untwisted nominal HCF geometry. The effect of the 45 degree rotation has been less than 300
pcm in the discussed cases. While not negligible, the rods are always in a position between 0 to
45 degrees, therefore the effect on average is expected to be halved. For a proper lattice physics
code, it is desirable to not model the twist to avoid either a 3D model or two sets of cross
sections for the core simulator, as both are very challenging and the current methods have not
been fully advanced with these features yet. To study the behavior of the flux distribution upon
rotation of HCF pins near Gd containing fuel pins, a 2 by 2 model of HCF and an equivalent 45
degree rotated HCF was developed in SERPENT and can be seen in the left side of Figure 5-6.
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The geometry is developed using square pixels, where each pincell contains 25x25 pixels which
yields 235 fuel regions. A detector tally is used in SERPENT to find the power distribution in the
top left pincell and the results are seen in right of Figure 5-6.
Figure 5-6 The spatial Gd impact on thermal fiux (left) and the top left HCF rod (right) for nominal and
rotated rod geometries.
As seen from the thermal flux plots in Figure 5-6, the flux gradient is 45 degree offset
between the HCF nominal and rotated cases. The more detailed power distribution on the right
in Figure 5-6 shows the huge difference it makes for the neighboring rod. Both the burnup of the
non-Gd rod and burnout rate of Gd are affected if a proper spatial resolution is not taken into
account in the lattice physics depletion calculations. The large radial gradients also imply that
the HCF geometry neutronic simulation is more sensitive to the exact location of the Gd within
the HCF fuel pellets compared to the cylindrical pellets.
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The kmf (1.01223) was only +0.3% Ak/k different for the twisted case compared to the
nominal one, which matches all other rotated geometry reactivity changes. Lastly, it is also
noted that at beginning of life the equivalent fuel volume cylindrical geometry had 2.8% Ak/k
higher kmf (1.04166), which displays the same large sensitivity as seen by the single pincell
calculations listed in Table 5-5.
The Multiregional Burnup effects
The HCF pins provide a very heterogeneous geometry as far as thermal flux, thermal
hydraulic and fuel performance compared to cylindrical rods, and the effect of this geometry
needs to be properly taken into account. The nominal HCF pincell is created by 625 squares,
similar to section 3.4 model, resulting in 45 distinct burnable regions as seen in Figure 5-7. The
model reactivity change behaves the same in case of a 45 degree rotation (+300 pcm).
Figure 5-7 Multi-region model of a nominal HCF Rod geometry.
If the geometry in Figure 5-7 is burned to 40 MWD/kg, the end of life burnup of each
section varies between 26 and 70 MWD/kg (highest near the elbow and lowest at the center), a
similar range as a cylinderical rod. The result infers that proper spatial homogenization, similar
to cylindrical rods, should be undertaken to have a complete model of the HCF rods.
Multiregional Temperature Distribution
It was shown that the maximum temperature gradient of HCF rods, even with the 24%
power uprate for a BWR or 49% uprate for a PWR was about 200 degrees lower than the
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maximum temperature of cylindrical rod [Conboy et al., 2010]. For neutronics analysis, the fuel
temperature is usually inputted as an average fuel temperature. Therefore, the gradient of the
temperature across the helical cruciform rods, as seen in Figure 5-8, could invalidate the
assumption of using an average fuel temperature that is valid for cylindrical geometry.
Figure 5-8 The temperature distribution in the HCF rod (obtainedfrom ANSYS).
Both the cylindrical and HCF fuel temperatures were varied according to the thermal
results from ANSYS. Each case was divided into 5 equally temperature-spaced regions: 1200 to
600 K for cylindrical and 1000-600 K for HCF rods. While the average temperature of the
cylindrical rods is 900 K and HCF rod is only 700 K, the perturbation of 200 degrees results in
0.6 % Ak/k for both geometries. Using the 5 regions of fuel temperature does not result into any
significant variation (<50 pcm), therefore it is assumed to be valid both in case of cylindrical
rods and HCF rods to assume an average temperature in the lattice code, especially at zero
burnup, considering already existing uncertainties.
Fast Fluence Effect
One of the most important analyses in LWR core safety analysis is fuel performance.
While pressure forces, thermal stresses, embedded gaseous fission products and corrosion affect
the fuel performance, the fuel material, is also subjected to a high radiation field. In general,
fuel performance analysis of the rods requires knowledge of the fast fluence (> 1 MeV) from the
neutronics model. The irradiation of the clad causes creep and axial and radial elongation.
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While in the cylindrical geometry the fast fluence is uniform on a pincell basis, in the HCF
geometry it is not azimuthally symmetric.
First, the magnitude of this asymmetry needs to be quantified. Each cladding pixel in
Figure 5-7 is tallied using a detector tally in SERPENT that only tracks neutron fluence above 1
MeV. The peak of 1.05% is calculated in the HCF geometry, which is an increase slightly larger
than the statistical uncertainty of 1%. The smaller increase in the fast fluence in the elbow
region compared to the thermal flux or heat flux is due to the larger path traveled by fast
neutrons, as the mean free path calculated by SERPENT at above 1 MeV is 4.2cm, which is
much larger than the HCF pincell pitch.
The second parameter of interest is the magnitude of change from a cylindrical geometry
to a nominal HCF geometry of 45 degree rotation. To quantify this, the real geometries in Figure
5- 2 were used and the cladding for fast fluence was tallied similarly. The end results were
normalized by the cladding volume of each design. The same power density as the reference
case was assumed for HCF rods. The larger volume, higher power density and the harder
spectrum due to increased fuel packing of HCF rods result in 2.1 times the fast fluence over the
nominal HCF cladding geometry. The effect of rotation introduces negligible increase in fast
fluence. Specifically, the factor of 2.1 is 35% due to increase in cladding volume and 65% due
to the change in geometry and higher power. This significant increase in fluence will increase the
cladding embrittlement and affect the HCF fuel performance.
3D Geometry Effect
The HCF rods geometry that promotes the most mixing and therefore is proposed to be
used for BWRs and PWRs, has 50 cm axial twist pitch (i.e. 360 degrees rotation for every 50
cm). Until this point in the analysis, only 2D slices of the HCF rods have been studied. The
smallest axially repeatable section of the proposed HCF design is 6.25 cm in length (from 0 to 45
degrees). Since this geometry is not symmetric in z, periodic boundary conditions are used in
SERPENT. In order to simulate the 3D twist, a twisted 6.25 cm piece of HCF rod is modeled as
2 or 5 or 10 axial pieces. In Section 4.2.3, it was shown that the directional effect of rotation for
HCF rods, depending on the H/HM ratio, and can be positive or negative. Therefore, the upper
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and lower bound of-H/HM ratio of the nominal design is used for this analysis, similar to Figure
5-3. The results of the two designs with different axial mesh refinement are shown in Table 5-6.
Table 5-6 k1,results of 3D modeling of the HCF rods in SERPENT
Low H/HM High H/M
Model kinr Ak/k ( * kin Ak/k (%)*
HCF Nom 1.3166 -- 1.3785 --
HCF 45 1.3158 -0.06 1.3827 0.30
HCF 3D-2L 1.3084 -0.63 1.3750 -0.25
HCF 3D-5L 1.3088 -0.60 1.3746 -0.28
HCF 3D-10L 1.3095 -0.58 1.3744 -0.30
* Ak/k is the difference of kmf from that of HCF Nominal.
As seen in Table 5-6, the 3D model accounts for the additional shadowing effect on
reactivity, no matter what H/HM or meshing model is used. The spatial axial regions modeled
did not show any sensitivity of the few group cross sections or reaction rates, other than the
effect seen in kmr. The loss of 0.6% Ak/k is not negligible but the positive result is that perhaps
the exact twist does not have to be modeled at least for a zero burnup case and can be
approximated by a two region geometry. Still, these results show a need for a 3D burnup
analysis to assess the effect on depletion and branch cases for moderator density and fuel
temperature.
It is also further noted that depending on the twist pitch of the rod, there is a small
amount of fuel and cladding material (in this case 0.13% per rod) that is not accounted for due to
the helical path length increase, which is not explicitly modeled in SERPENT due to lack of such
geometry models. In addition, if these rods are fabricated as metal fuel, the swelling of the
elbows could appreciably change the fuel geometry. Therefore, future development of an
accurate model needs to properly take into account the geometry perturbation as well as the 3D
burnup dependent shadowing effects.
5.3.5 Conclusions of neutronics consideration
The HCF rods provide significant thermal hydraulic incentives by enabling uprating the current
LWR fleet by 50% and 25% for a PWR and a BWR reactor type, respectively. However, the
189
HCF rod geometry shows some disadvantages in neutronics compared to cylindrical rods. The
following points briefly summarize the main HCF neutronics features:
" The HCF geometry results in 0.4% Ak/k less reactivity, mainly due to the increase
in cladding volume.
" The reactivity change induced by rotation of HCF rods is dependent on H/HM
" The HCF geometry reactivity is much more sensitive to changes in enrichment of
U235 or Gd compared to cylindrical geometry.
" The spatial power distribution of HCF rods near the Gd rods is a strong function
of its rotation.
* The HCF is highly heterogeneous in the radial direction with significant burnup
and temperature distribution. However, the latter, affects reactivity negligibly.
* The 3D modeling of the twist in HCF rods show 0.6% Ak/k decrease in reactivity
compared to 2D models.
Since the repeatable twist pitch proposed in this design is only 6.25 cm, it is expected that
implementing the correct 3D lattice physics code to be relatively easy as 6.25 cm is around the
limiting length valid for any industry LWR core diffusion simulator. Future work should include
sensitivity analysis to the number of burnable regions required to obtain accurate homogenized
few group cross sections in 3D, fully coupled with any spatial and time dependent changes. This
approach is both feasible and deemed not an area of concern for licensing of HCF assembly
design.
5.4 HCF Thermal Hydraulics
5.4.1 Previous Work
The HCF unconventional geometry poses challenges in using traditional system and
subchannel analysis codes, or the more recent CFD codes, without having experimental data that
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can validate them. There are only two existing HCF design related experimental data sources:
the Russian ice breaker reactors and the fast reactor sodium wire wrapped bundles (The data
obtained in Russia is not publically available). However, the goal of the presented HCF design is
to support power uprates of existing light water reactors in US. Hence, the existing data for
hexagonal or triangular pitch assemblies are not compatible with the square array of the existing
LWR fleet. Therefore, new experimental data on mixing and pressure drop were obtained at
MIT by a new experimental facility with a 4 x 4 rod bundle.
The tested HCF geometry conserves the GEl 1 rod fuel area. Conserving the fuel area
will make comparison of the HCF to cylindrical rods easier. The curvature of HCF test rod of
Figure 5-1 was designed so that the peak to average heat flux will yield a value less than 2. This
was shown in some experiments to allow the CHF to be governed by the average value. For the
HCF rods, the peak heat flux was considered an issue that could cause early DNB or dryout
conditions. Furthermore, it was found that the HCF rods not only provide uneven heat flux but
also provide uneven heat generation rate due to neutronic effects.
Table 5-7 The experimental HCF & Cylinder bundle geometry specifications.
Parameter HCF Cylinder Units
Pitch of Fuel Rods 1.52 1.52 cm
Length of Rods 1.5 1.5 m
Assembly Flow Area 19.2 21.76 cm2
Assembly Wetted Perimeter 101 79.8 cm
Assembly Size 4 x 4 4x4 --
Assembly inner Length 6.15 6.15 cm
Hydraulic Diameter 0.76 1.09 cm
The experimental bundle test geometry parameters for the HCF and cylinder rods are
listed in Table 5-7. The HCF rods were designed with three different twist pitches: 50 cm, 100
cm and 200 cm twist. The tests were performed at atmospheric conditions with room
temperature water flowing through the bundle. A inch inner diameter tube was placed in
either the center or off center subchannels of the bundles for both geometries to inject hot water
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at 90-96 *C near the bundle entrance. There were 16 thermocouples at the top of the test section
to measure the temperature distribution of the water emerging from each subchannel. The
pressure drop was measured by unidirectional differential pressure transmitter. All the tests were
given 50 hydraulic diameters in length of entrance region, to ensure the flow reaches fully
developed conditions inside the bundle. Also, the hot water injection was performed at heights
of 40 and 80 cm away from the thermal couples for the mixing tests.
Figure 5-9 Top view of the outlet temperature detection system.
The purpose of the mixing experiments was to develop appropriate subchannel code
correlations by matching the measured temperature distributions, by varying the forced mixing
coefficient used by typical subchannel analysis codes. The subchannel forced mixing coefficient
is used to model flow mixing due to presence of spacers or mixing vanes or two phase flow. The
pressure drop can also be used to compare against the correlations in literature and subchannel
codes. While the tests covered the mass fluxes present under normal conditions of BWRs and
PWRs (1000-3500 kg/m2-sec), the Re number varied from 10,000 to 65,000, well under the
actual operating conditions. However, the turbulent mixing parameter is expected to show
insensitivity to the Re number variations. Therefore, the results of the subchannel analysis was
used for the design of the HCF rods full assembly and core under BWR and PWR operating
conditions, respectively. It was shown that the HCF rods can increase the core power for PWRs
by 50% and for BWRs by 25%, while keeping the same core radius, height and fuel volume
[Conboy, 2010]. The limitation of these simulations are the lack of accurate temperature
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distribution on the rods and the absence of experiments on mixing under two phase flow.
Furthermore, analysis of the experiments showed a high degree of uncertainty in the assumed
value of the mixing parameter due to simplifications of modeling within the subchannel codes.
5.4.2 Single Phase Pressure Drop
The pressure drop experiments were performed with the SP2 geometry, especially
developed for PWR applications. The difference between the SP2 and SP3 design, which is
especially developed for BWRs, are shown in Figure 5-10. It is noted that the experiments were
carried out with a slightly larger pin pitch, as listed in Figure 5-10. The extra 0.5 mm between
the HCF rods increases the hydraulic diameter by 13% for the SP2 design.
I=.544
Fuel Cross- Rod Cross- Rod Rod-to-Rod
Rod Type Sectional Area Sectional Area Perimeter Pitch
(cm2) (cm2) (cm) (cm)
Ref. BWR 0.716 0.981 3.511 1.431
HCF-SP2 0.716 1.071 4.744 1.47 (1.52)*
HCF-SP3 0.716 1.063 (+8%) 4.517 (+29%) 1.44
Figure 5-10 Characteristics of the SP2for PWRs (above) vs. SP3 (Figure 5-1) for BWR designs
(*The pitch for the experimental facility)
It was imperative to perform a mesh convergence study before any of the mixing studies
were performed. There are many criteria and techniques to assure mesh convergence. Since in
this phase of study, the pressure drop is the only parameter of interest, its magnitude was tracked.
The base size mesh was chosen at 1 mm, and the boundary layer was modeled as two prism
mesh layers measuring to a total of 0.3 mm thick, with each less than 100 y* (normalized
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distance from the wall) of any mass flux modeled. The smallest grid point for all mass flow rates
lies within 30 y* and the laminar region of the flow near the wall and the turbulent layer up to 30
y+ is modeled with use of standard wall function, available at STARCCM+, for a 100 cm long
HCF with 50, 100 or 200 cm twist and the reference cylindrical rods. The flow in this geometry
was simulated with STARRCCM+ with standard k-E model The mesh type primarily used was a
polyhedral mesh, which is computationally expensive but is most accurate for this scoping
analysis as runtime is not a limiting factor. The equivalent base case mesh size was then doubled
for the same domain size. The pressure drop showed no sensitivity to the grid sizes for the 3500
kg/m2s mass flux, which is the maximum mass flux modeled. Since the analysis was performed
for SP2 and SP3 at different mass fluxes and at both atmospheric and BWR conditions, then the
finest (5 million cells) grid case was chosen to perform this entire analysis, as the computational
time required with the maximum available computing capabilities was 30 minutes per run.






The anisotropic k- E model was used as the base turbulence model since it has been
shown to have the best performance for nuclear applications [E. Baglietto, et al., 2006]. The
standard k-w model is one of the more common turbulence models and has been shown to
outperform the standard k-e model in other applications. The k-o uses two extra transport
equations to represent the turbulent properties of the flow. The o is the specific dissipation for
the flow calculated from the ratio of k to E. The SST-k o, has an added shear stress transport
model away from the wall. The Reynolds Stress Model (RSM) is supposed to provide a higher
level of turbulence modeling by calculating the stresses directly using second order closure
relations. The RSM is closed by relations between pressure and strain rate of the flow, which
can be assumed linear, quadratic or based on k-o closure relationships. While the anisotropic
models have been shown to be able to capture the secondary flow much more accurately, the
traditional k-o model is used to capture better representation of the wall shear stress. The
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standard wall functions were used for all the cases. Table 5-9 lists the variety of conditions and
turbulence models used to calculate the total pressure drop for a single cylindrical pincell.
Table 5-9 The total pressure drop calculated for a cylindrical rod pincell using STA RCCM+.
Geometry G Pressure Model AP (Pa) Diff ()
Cylinderical w/ 2 Walls 1500 Atm Anisotropic k, 1510 --
Cylinderical w/ 2 Walls 1500 Atm Linear kE 1490 -1.3
Cylinderical w/ 2 Walls 1500 Atm Standard ko 1950 29.1
Cylinderical w/ 2 Walls 1500 Atm SST ko 1900 25.8
Cylinderical w/ 2 Walls 1500 Atm Linear RSM 1900 25.8
Cylinderical w/ 2 Walls 1500 Atm Blasius 1553 2.8
Cylinderical w/ 2 Walls 1500 Atm McAdams 1450 -4.0
Cylinderical w/ 2 Walls 1500 Atm Altschull 1641 8.7
Cylinderical w/ 2 Walls 1500 Atm Cheng & Todreas 1464 -3.0
Cylinderical 1500 Atm Anisotropic kE 740 --
Cylinderical 1500 Atm Linear kE 700 -5.4
Cylinderical 1500 Atm Linear RSM 870 17.6
Cylinderical 1500 Atm Blasius 708 -4.3
Cylinderical 1500 Atm McAdams 682 -7.8
Cylinderical 1500 Atm Altschull 801 8.2
Cylinderical 1500 Atm Cheng & Todreas 698 -5.7
Cylinderical w/ 2 Walls 3500 Atm Anisotropic kE 2750 --
Cylinderical w/ 2 Walls 3500 Atm Blasius 2653 -3.5
Cylinderical w/ 2 Walls 3500 Atm McAdams 3000 9.1
Cylinderical w/ 2 Walls 3500 Atm Altschull 4333 57.6
Cylinderical w/ 2 Walls 3500 Atm Cheng & Todreas 3272 19.0
Cylinderical 3750 7.2 MPa Anistropic kE 3000 --
Cylinderical 3750 7.2 MPa Blasius 3120 4.0
Cylinderical 3750 7.2 MPa McAdams 3137 4.6
Cylinderical 3750 7.2 MPa Altschull 3500 16.7
Cylinderical 3750 7.2 MPa Cheng & Todreas 3262 8.7
Table 5-9 shows that for cylindrical pincells, the Blasius correlation, which is the default
friction correlation in the VIPRE code, does the best prediction vs. the anisotropic kE model.
The McAdams and Cheng & Todreas correlations also agree reasonably well with the kE model.
The Altshcull correlation used to benchmark the HCF experimental pressure drop data agrees
reasonably well with the kE model at 1500 kg/m 2s mass flux, but significant differences at higher
mass fluxes are observed. It is important to note that with the current advances in single phase
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CFD, the CFD simulation is deemed more reliable than the empirical correlations. As shown in
other studies, other turbulence models do struggle with cylindrical rods simulations [E. Baglietto,
et al., 2006].
Table 5-10 The total pressure drop calculated for a SP2 rod pincell using STARCCM+.
Geometry G Pressure Model AP (Pa) Diff(%)
HCF 1500 Atm Anisotropic kE 1000 --
HCF 1500 Atm Linear kE 1020 2
HCF 1500 Atm Blasius 894 -10.6
HCF 1500 Atm McAdams 849 -15.1
HCF 1500 Atm Altschull 945 -5.5
HCF 1500 Atm Cheng & Todreas 863 -13.7
HCF 3500 Atm Anisotropic kE 4250 --
HCF 3500 Atm Linear kE 4260 0.2
HCF 3500 Atm Blasius 3920 -7.8
HCF 3500 Atm McAdams 3884 -8.6
HCF 3500 Atm Altschull 4394 3.4
HCF 3500 Atm Cheng & Todreas 4012 -5.6
HCF 1500 7.2 MPa Anisotropic kE 790 --
HCF 1500 7.2 MPa Linear ke 810 2.5
HCF 1500 7.2 MPa Standard ko 815 3.2
HCF 1500 7.2 MPa SST ko 810 2.5
HCF 1500 7.2 MPa Linear RSM 800 1.3
HCF 1500 7.2 MPa Blasius 672 -14.9
HCF 3500 7.2 MPa McAdams 715 -9.5
HCF 3500 7.2 MPa Altschull 915 15.8
HCF 3500 7.2 MPa Cheng & Todreas 761 -3.7
The Cheng & Todreas correlation shows the best agreement with the anisotropic kE for
the SP2 design. The Blasius shows an under estimation of pressure drop, which is an alarming
result considering that the recommended correlation by Conboy et al., is 0.9 times the Blasius.
However, the HCF experimental data did not fit well with the Blasius correlation either, the data
showed good agreement with 0.9 times the Altschull correlation, as shown in Figure 5-12, where
it was assumed that the experimental rods were manufactured with rough surfaces.
Unlike the cylinder, it can be seen in Table 5-10 that the turbulence models show little
sensitivity to SP2 rods as expected due to the more defined radial velocity profile induced by the
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twist compared to the cylinder geometry. Figure 5-11 shows the performance of the Linear and
Anistropic (cubic) K-E models on prediction of the wall temperature and the wall sheer stress at
low Reynolds numbers (-8-10 x10 3) with equal heat and mass flux of 300 kW/m 2 and 67 kg/m 2
for a 50 cm in length bare cylindrical and SP2 geometry at 7.2 MPa conditions. As seen, the
linear K-e model predicts a smooth circular radial temperature and sheet stress distribution,
which is not physical [Baglietto et al., 2006]. The Cubic K-E in this simulation struggles with
convergence, as the flow at Re numbers close to the transition region for bare rods typically
show unsteady behavior. However, as expected, the difference between the linear and
anisotropic K-E models is small for the HCF geometry for wall sheer stress and temperature
distribution. The reason that the temperature distribution is shifted by 0.2 radians is that at 5 cm
away from the wall, the 50 cm twist pitch SP2 petals are not fully aligned with the x-y axis.
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Figure 5-11 The bare cylinder (left) and SP2 (right) (a) wall sheer stress and (b) wall temperature
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SP2 (a) experimental bundle friction factor [Conboy et al., 2007] and (b) comparison of
recommended correlation and STARCCM+ simulation.
Figure 5-12b shows a good agreement of the anisotropic kE STARCCM+ full size bundle
simulation with the recommended correlation derived from the experimental data for a wide
range of mass fluxes. The uncertainties in the measurements were of an order of 20% for
Reynolds numbers above 15,000 and very high at lower numbers. Therefore, this gives
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confidence in the correctness of the CFD model. Though the experiments were performed in a
4x4 bundle, the detailed single phase CFD sensitivity study was carried out for simulation of
single rods, since mesh convergence studies were too expensive at the full bundle level. But the
trends seen for the single rod study are expected to be the same for the bundle. The single HCF
geometry differs from the experimental conditions as it assumes an infinite array of rods as
opposed to restricting the flow area to a 4x4 array with an assembly box wall. Adding the box
wall will have a smaller effect on the overall assembly hydraulic diameter for the reactor 9x9
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Figure 5-13 The single SP2 rod simulations for a variety of twists vs. empirical correlations at
atmospheric conditions.
Figure 5-12 shows the single SP2 rod STARCCM+ simulations at different twist pitches
compared to empirical correlations that have no capability to modeling the BWR condition for









pitch of the wires showed no impact on the friction factor prediction [Conboy et al., 2010].
Therefore, the available empirical correlations lack the capability for proper modeling of the
HCF rods. However, as shown from Figure 5-13, the twist pitch has a relatively small effect on
the friction factor as observed by experimental data and CFD simulations, further reassuring the
similarity of the experimental data to the CFD simulation results. It is also seen that on a single
rod basis, where the large wetted perimeter introduced by the assembly walls do not exist, the
STARCCM+ simulation more or less agrees well with the Altschull correlation that 90% of its
magnitude showed good agreement with the experimental data and the full bundle CFD
simulation shown in Figure 5-12.
The STARCCM+ simulations also do not show smooth lines for the friction factors
compared to the empirical correlations and moody chart. This is due to the poor assumption that
the total pressure drop is directly proportional to the square of the magnitude of the velocity.
Since the HCF rods exhibit large radial velocities, the wall shear stress is affected by both the
axial velocity and radial velocity and the friction factor needs to be calculated separately as
components of velocity when back calculating the total pressure drop in a CFD simulation,
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Figure 5-14 The single SP2 rod simulations for 50 cm twist and straight vs. empirical correlations at
BWR conditions.
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As mentioned, the recommended approach for modeling of the friction factor at BWR
and PWR conditions for HCF rods was 90% of the Blasius correlation when the experimental
rods surface is deemed rough. This assumption about roughness is still under debate among the
CFD and experimental community. Figure 5-14, shows that the assumption of 90% of Blasius is
not proper per CFD calculations, as the SP2 design friction factor is predicted to be even slightly
higher than that of nominal Blasius at BWR conditions and tighter pitches. Figure 3-13 also
shows the simulation of the untwisted HCF rod with the assumption of different rod to rod gaps.
As mentioned, the experimental geometry left 0.5 mm gap between the rods, as this assumption
for the case of untwisted SP2 geometry yields an overestimation of friction factor by 10%, since
mixing has been introduced in the channel. For PWR core, the 10% overestimation in friction
factor results in 7% higher pressure drop than stated in the previous study [Conboy, 2010]. This
has an opposite effect in the case of twisted geometry as the rod to rod gap is decreased, the
friction factor is increased due to the tighter areas for cross flow as a result of the twist. This
small changes in the rod to rod gap cannot be realized through empirical correlations. Figure 5-
14 also indicates that the HCF untwisted geometry has a lower friction factor compared to a pipe
(i.e. Blasius) due to the presence of secondary flows, which may be a good subject for further
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Figure 5-15 The single SP3 rod simulations for 50 cm twist at BWR conditions.
Lastly, since no experiments were performed with the SP3 rod geometry recommended
for BWR bundle design, only simulations at 7.2 MPa were performed. As seen in Figure 5-15,
the previous methodology of multiplying the Blasius correlation by 0.9 is also not valid for the
SP3 geometry. In fact, the increase in the wetted perimeter of SP3 rod increases the friction
factor compared to the SP2 design and the friction factor matches Blasius correlation for the 200
cm twist and multiplied by a factor of 1.2 for 50 cm twist. This approach for calculation of
friction factor is used for the HCF safety analysis in Section 4.5. The 20% change in friction
factor results in 10% and 6.5% change in the total pressure drop without and with accounting for
the inlet loss pressure drop, respectively.
5.4.3 Mixing Benchmark
The experimental data for the mixing tests was meant to improve prediction of mixing in
real BWR and thus improve the CPR analysis. However, the experimental data contained some
errors and dependence on the injection flow rate and angle [Conboy et al., 2010]. The CFD
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simulations of these tests were also performed at a variety of mass fluxes, and all the simulation
departed by 5-12 *C from the measured exit temperature of the subchannels. Since the cruciform
rods do not have any symmetry and the atmospheric tested conditions of cylindrical rods were at
low Reynolds numbers, LES simulation of the quarter symmetric cylindrical rod bundle were
pursued with very fine grids. The LES simulation also resulted in the same level of
disagreement in the subchannel temperatures at the bundle outlet. The disparity between




Figure 5-16 The Simulation of the mixing experiments in the (a) cylinder and (b) SP2 bundle.
Sensitivity studies were performed to quantify the uncertainty in the mixing simulation
with CFD. The following observations are made from the range of performed simulations and
available experimental data:
" For center injection in the cylindrical rod bundle, the central temperature predicted by
CFD is 10 K higher.
" For off center injection in the cylindrical rod bundle, the highest temperature
predicted by CFD is 8 K higher
* For center injection in the HCF rod bundle, the central temperature predicted by CFD
is 12 C higher.
* The experimental data show that energy is not conserved in the system by 10%.
* The experimental data show that 1 degree deviation in injection angle results in 0.5
cm deviation in location of highest temperature at a partition 50 cm away from the
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injection point. Considering the temperature gradients shown in Figure 5-16, the
resulting error from 1 degree deviation could be significant.
Table 5-11 lists the sensitivities observed with the CFD simulations. The injection mass
flux (G), temperature and height along with different mesh sizes and turbulence models were all
varied. Additionally, heat conduction through the rods was also modeled. The sensitivity of
predicted temperatures, by using variable water properties as opposed to constant properties is
also listed in Table 5-11. It can be concluded that considering the uncertainties, the CFD
simulations agrees with the experimental results.
Table 5-11 sensitivity of mixing experiment for cylindrical bundle using STA RCCM+.
2x2 Cylinder (1/4 Scale) AT (*C)
Variable Properties ±2
Injection G (1.2-0.8) ±4
Injection T (±5) ±2
Inlet G (1.1-0.9) ±2
Injection Height (-2 cm) -1
Turbulence Models (5) ±2
Solid Fuel Modeling -1.5
Mesh Refinement ±2
In terms of mixing, the key possible contribution of CFD could be the accurate prediction
of the mixing coefficient for subchannel and system wide codes at BWR and PWR conditions.
However, all those codes are deficient in terms of 3D modeling of heat transfer and velocity.
These deficiencies defeat the purpose of using CFD to provide a mixing coefficient based on 3D
simulations. In addition, there is no information that CFD can currently provide as far the
mixing behavior in two phase flow for cylindrical and HCF rods.
For BWRs, the mixing leads to a more even distribution in the assembly subchannels'
quality for achieving higher CPR margins. However, the CPR correlations are assembly based
and the mixing factor is not used for CPR in existing correlations. Therefore, in the context of
BWR design, not much can be accomplished from using high fidelity simulations without new
full size experimental data.
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In the context of PWRs, since mostly single phase flow is present, the standalone CFD
simulations can be useful in determination of correct bundle thermal hydraulic mixing
performance for licensing analysis. However, this analysis is not performed in this section. As
concluded from Section 4.3.2, slight changes in fuel design could result in different hydraulic
conditions for HCF rod geometry. It was also seen from the neutronic analysis that conserving
the fuel volume is not enough in case of HCF rods design. In fact, the SP2 geometry does not
even conserve the fuel volume for a reference PWR as it was based on a reference BWR rod. As
will be shown in Section 4.4, the cladding is likely to have to be manufactured with non-uniform
thicknesses due to unevenness of the stress distribution in the HCF geometry. Therefore, since
the geometry is not finalized for PWRs, there is no incentive for quantifying parameters such as
mixing and friction factor that are functions of HCF geometry for PWRs before a new design has
been finalized. It is also noted that due to the lack of symmetry, the licensing simulations have to
be on a larger scale than the assembly level, which is still not feasible even with cylindrical rods.
Therefore, the computational time may become an issue for licensing PWRs even with
experimental results. Since, unlike the Russian reactors, the bundles are connected to each other
in a core.
5.4.4 Applicability of Subchannel and System Level Codes
This section defines the limitation of subchannel analysis, system analysis or ID level
codes in modeling of the HCF rods, to supplement the conclusions drawn from the previous
sections. The first modeling difficulty examined was the inability of lower level codes to
account for the existence of the twist in their thermal models. While subchannel level codes are
able to model 3 dimensional flows by axially varying the gap sizes between the subchannels
[Conboy et al., 2010], they only have cylindrical type fuel conduction models. RELAP5 and
other safety level codes do have the capability of modeling conduction in Cartesian coordinates,
however they are still limited to one dimension. Figure 5-17 shows the STARCCM results for
temperature distributions for the fluid-solid implicit coupled RANS simulation for a SP3 rod
with untwisted and twisted geometries (50 cm twist pitch). The simulated mass flux and inlet
temperature were 1500 kg/m 2s and 546 K with the fuel volumetric heat generation of 133
MW/m 3 . While the fuel centerline is reduced only by 4 degrees in case of the twisted geometry,
the average fuel, clad and fluid temperatures are similar for the two designs. It is expected that,
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given a 3D heat conduction model supplied to the mentioned lower level codes, the coupling of
fluid is not required for accurate estimation of the temperature within the rods. It is noted that
the local heat transfer coefficient is increased by 20% at the point where the HCF is closest to the
boundary in the twisted HCF rod compared to the untwisted rod.
Temperoture (K) Temperature 00
551.40 585.69 619.97 654.25 688.53 72281 552.41 586.34 620.27 654.20 688,13 72Z06
Figure 5-17 The tempearture distribution of SP3 rod untwisted (left) and twisted (right).
Figure 5-18 shows the vapor volume fraction in simulation of the cylindrical and HCF
rods with the same surface average heat flux of 750 kW/m2 . The simulations were performed
with the tuned simple Eulerian VOF boiling model in STARCCM+. As seen for the HCF rods
the coolant higher radial velocity provides more mixing and causes the peak void fraction to be
smaller (13.3% vs. 15.0%) compared to the cylindrical rod at the same steam flow quality.
Experimental data should be obtained in order to properly define the correct void fraction
distribution in the HCF rod geometries used for neutronic analysis.
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Figure 5-18 The voidfractionr distribution around a cylinderical rod (left) and SP3 rod (right).
Figure 5-19 displays a full single phase 4x4 bundle simulation of HCF rods at PWR
conditions with uniform heat generation modeled in each rods. As expected, the velocity peaks
in the center of the channel due to the twist direction of the rods and presence of bundle walls.
The twist direction could be further investigated as it might provide better mixing of the flow and
increase the mass flux in the corner subchannels of the array of HCF rods or even simplify the
licensing analysis by providing symmetry. Figure 5-19b shows that depending on how the
subchannels are defined, the subchannel average fluid temperature predictions could result in
errors as the uneven heat flux of the HCF rods, coupled to the radial velocity due to the twist,




Figure 5-19 The (a) velocity and (b) temperature distributions of a 4x4 SP3 bundle in an assembly box at
PWR conditions.
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Similar to the temperature distribution in the single phase simulation shown in Figure 5-
19, in two phase flow the void fraction shows non symmetric distributions. As outlined by the
red box in Figure 5-20, the corner subchannel does not have much voiding compared to the rest
of the subchannels at that twist position, a 3D effect not captured by subchannel codes. These
modeling deficiencies of lower fidelity codes imply that the heat transfer and pressure drop
calculations will be affected within the subchannels.
Figure 5-20 The vapor distribution of a 4x4 SP3 bundle in an assembly box at BWR conditions.
5.4.5 Two Phase Critical Conditions
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The simulation of single phase flow under steady and unsteady conditions is deemed to
be feasible for the HCF assemblies by using High Performance Computing (HPC). However, the
field of multiphase simulation is still under development and not yet feasible for practical design
applications even with standard LWR fuel geometries. However, multiphase flows exhibit very
important phenomena in BWRs under normal operation. Recent advancements in computation
has allowed more detailed computational models of the multiphase flow where the interface of
the two phases can be resolved instead of using empirical or semi-mechanistic models to predict
the general properties of the flow. While the ability to predict exactly the interface of the phases
in the core is of little importance for a neutronic calculation [Shaposhink et al., 2010], the
tracking of interfaces could give us more insight into the behavior of the flow in non-trivial
geometry, such as at spacer grids and around HCF rods, and heat transfer flow conditions such as
DNB and Dryout. The widely known two phase models that were used in the previous sections,
employing Eulerian phase average approach and have too many tuning parameters and do not
give information on phase specific conditions. Another drawback to the Eulerian approach is
that all the models work only with constant heat flux boundary conditions, an assumption not
valid for HCF rods. Therefore, interface tracking methods were pursued.
The current state of Computational Multi-phase Fluid Dynamics (CMFD) interface
tracking could involve either solving the governing equations of each phase separately and
matching the solutions by jump conditions at the interface, or solving a single set of governing
equations for all phases and adding singular terms to account for the interface of each phase.
The first approach requires a moving grid and becomes very complicated for non-trivial
geometry and has proven to be effective only in simple cases. It is also considered as a phase
averaged method as opposed to explicit tracking of the interfaces of the phases in the flow. The
second approach, also called the 'one-fluid' formulation is more commonly used, which allows
to solve the Navier-Stokes equations the same way as in single-phase flows. Different methods
must then be applied to differentiate between the different phases as the material properties are
different for each phase.
There are essentially two methods for treating the two phase flow topology: continuous
and discrete. The continuous flow is similar to what is found in annular flow in a BWR, where
there is a continuous liquid film on the rods and continuous vapor at the center of the flow
channel. Slug flow can also be considered continuous as the interface of the slugs are
211
pronounced and large relative to its flowing channel. For these types of flow conditions the
Eulerian approach is typically used. While for the discrete flows such as small bubbles or
particles relative to the grid size, the Lagrangian approach is more suited to express the
conditions experienced by bubbles or particles. It is important to note that dispersed flow, such
as the droplets breaking up from the liquid film in annular flow, are still treated with the Eulerian
approach as the density of the entrained liquid is similar to that of the liquid film and very much
different from the vapor. For release of corrosion products or boron mass transfer in case of
severe accidents for BWRs, an Eulerian-Lagrangian formulations can be used to account for
uniformly sized solid particles in the working fluid that has more than a couple of percent
difference in density compared to the solids.
While fluid models combined with some methods, such as the phase field methods, can in
principle track the interfaces of the two phases, they are restricted to very small domains, so one
fluid equation models are used more widely. Once the average one fluid Navier Stokes equations
are solved, different methods can be applied to construct the phase topology.
The two methods most commonly used are Volume Of Fluid (VOF) and Level Set approach,
which fall into the Interface Tracking Methods (ITMs) categories. There are also different
categories of tracking methods, called front tracking. They are not used for this analysis as they
require user modifications to grid as the interface between the phases moves and the physics of
interface merge is more difficult compared to ITMs. In the VOF method the interface is
approximated by a straight line, therefore it is not recommended for interfaces with rapid
changes in shape. In VOF, the two phases are marked by either zero or one.
In the level set method the different fluid regions are identified by a smooth marker
function, where the boundary of the interface is marked as zero. So, one phase is identified as
positive and the other as negative. Therefore, the level set method will move with the fluid and
constantly change in shape and magnitude for the entire computational grid. Due to the
continuous smooth nature of the level set, solving the advection of the phase interphases is
numerically more stable compared to the VOF method. The material properties are
reconstructed in a way similar to the level set method:
0 i x < -kh
I(x)= (1 +(x / kh) +-sin(x /kh)) if Ix| kh
i ~ i x > kh. (4.1)
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Where h is the size of the grid cell and k is the empirical constant that is dependent on the
relative size of interface to size of the grid. Although, the simplicity of the level set method is
apparent, it has not been widely used because of issues at the interfaces with solids and for mass
conservation [Lakehal, 2010].
Fluent and STARCCM+ codes utilize both the Eulerian and Lagrangian techniques and
have the mixture and VOF models. The TransAT code has all these models in addition to the
level set model. However, the Fluent and STARCCM+ code packages have been tested much
more extensively than the TransAT code. The overall goal of our effort is to utilize multi-Phase
CFD techniques to give us more insight in the HCF rod performance under DNB and CPR
conditions. To achieve this goal only a single HCF rod is required with enough L/D based on the
thermal boundary layer development.
Figure 5-21 tests the capability of the VOF and Level-Set methods to capture the
interface. The problem is set up with symmetry boundary conditions left and right and constant
wall temperature at the up and down boundaries with the gravity force normal to the left
boundary. The bubble has a 1 cm radius at room temperature and pressure, while the
surrounding liquid is at 100 degrees above room temperature as shown in Figure 5-21. As seen,
the level set, as expected, provides a smoother image. Even though the interface is captured very
smoothly by the level set method, the properties are still defined on the same interface resolution
as the VOF method. In this simulation 65 x 65 x 65 grids where used, for the 4 x 4 x 10 cm





Figure 5-21 The differences in ability of (a) VOF and (b) Level set methods to capture the interface of a 1
cm bubble at room temperature.
The effect of the coarse grid can be seen as the simulation is stepped through time every
0.1 seconds. Figure 5-22 superimposed the bubble for the two methods after 5 seconds of
simulation and shows that the size of the level set simulated bubble has decreased and therefore
an issue of mass conservation in the level set method arises, not seen with the VOF method.
Figure 5-22 The comparison of VOF to Level Set method for test problem one.
The 2nd test problem examines the effect of a fine grid (0.3 mm per grid length) with
similar boundary conditions but for a bubble with an initial velocity. In this problem a bubble of
3 mm radius is given a velocity of 2 m/s at 2 MPa to begin the simulation. Such a large bubble
compared to the 8 mm diameter of the cube is above the critical size of a bubble and with such




where D is the bubble diameter (6 mm), results in value of 1.2 which means bubbly flow cannot
exist. Similarly, the criterion for the transition of slug to annular/chum flow:
U Pg < 1, (4.3)( p, - pg)gd)
where d is the hydraulic diameter (8 mm) and U is the velocity (2 m/s), results in value of 0.78
which is less than the minimum criterion to achieve annular flow. Therefore, it is expected
physically, the initialized bubble to transform to a more hydrodynamic shape, e.g. a slug. As
mentioned before and seen from Figure 5-23, the marker function for VOF is 0 for one phase and
1 for the other and does not cover the entire fluid. However, as also seen in Figure 5-23, in level
set the marker function is a smooth function where it is zero on the interface. In the VOF
method, the giant bubble starts moving through the flow while maintaining its original shape but
in the level set simulation, the bubble will turn into a slug and show all characteristics of slug




Figure 5-23 The (a) VOF and (b) Level set for the bubble in a cube with initial velocity.
The previous work has been focused on thermal hydraulic performance of HCF rods.
One of the important remaining needs is determination of the critical power of the HCF. There
are mainly two concerns regarding the HCF rods performance. For PWRs, whether a vapor
blanket is created by increased subcooled boiling at the elbows would propagate on the elbows
upwardly creating a vapor film layer and inducing early CHF. The other concern is related to
BWRs, that under annular flow, the effect of the twist will destabilize the liquid film and the
rotational momentum induced by the flow will displace the liquid film and induce an early
critical heat flux. A preliminary study of the first concern is done using the TransAT code and
the Level Set method such as the one used for Sadatomi benchmark [Lakehal, 2005]. The second
concern is also studied, and will be described later in this section.
The untwisted and 50 cm twist pitch SP2 design are modeled in the TransAT code with a
model length of 50 cm with 2 cm width on a 0.3 by 0.6 mm grids resulting into 4.2 million grids.
The steady state run initializes the flow condition for the unsteady RANS multiphase flow run.
Four quarter spherical bubbles 6.5 mm diameter are modeled on the rods, each at a height of 10
cm from the model bottom. For the initial case, only the mass and momentum flow equations
are solved, therefore there is no heat transfer. The liquid and gas properties are those of PWR
conditions at 15.5 MPa and 560 K. The simulation is run for 10 seconds with 0.01 second time
steps. As seen in Figure 5-24, the level set method is able to fully track the straight case HCF
compared to the twisted HCF. The twist does not seem to have an effect on separating the vapor
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from the wall and the vapor keeps crawling on the wall. This is not encouraging as the vapor
blanket seems to stick to the rod.
Denqitv
Straight
Velocity Turbulent Kinetic Enerpv
Twist
Velocity
Figure 5-24 The TransAT simulations of the HCF rod with no heat transfer for Straight and Twisted
geometries.
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The energy equation is turned 'on' for the second set of simulations with identical initial
conditions as the simulation in Figure 5-24. As seen in Figure 5-25, the thermal boundary of the
expected high heat flux on the elbows moves the bubble away from the elbow for the twisted
case, while the bubbles remain intact for the straight HCF geometry. It is also shown from Figure





Figure 5-25 The TransAT simulations of the untwisted (right) and twisted (left) 'F rods.
The only available experimental data on critical heat flux in context of DNB for HCF type
rods are from Russian scientific center of Kurshatov institute [Bol'shakov, 2007]. The HCF
geometry used for the CHF experiments had three petals as oppose to four in the SP2 and SP3
geometries. The twist pitch of the experimental rods were 72 cm with a height of 1 m. The
available data are for a single HCF rod, and a 7 rod HCF bundle and a 7 rod cylindrical bundle at
15.5 MPa with mass fluxes ranging from 1000-5500 kg/m2-s at qualities in a range of -0.49 to
0.42. The base correlation used in the study for the comparison results in good agreement with
the 7 rod cylindrical bundle tests. The correlation is a function of quality, pressure and mass
flux and agrees reasonably well with the EPRI-1 correlation for the 7 rod cylindrical bundle tests
and is used for VVER reactors. The main conclusions from the CHF tests were:
" The single rod HCF test shows CHF enhancement by 20% compared to using the
cylindrical rod correlation.
" The 7 rod HCF test shows 5-10% enhancement at higher outlet qualities (0.1 to 0.2) but
10-15% deterioration at low outlet qualities (-0.1 to 0.1). This negative effect on CHF, is
stated to increase as the mass flux was increased.
" The burnout for the HCF rods always took place on the central rod of the 7 rod bundle.
This contradicted the cylindrical rod or subchannel analysis that would expect to have the
burnout at the rods close to the assembly wall as there was no extra gap present between
the rods and the wall.
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From the limited experimental data points shown and described above, one could draw a
conclusion that on a single rod basis the effect of the twist on DNB is beneficial as it was shown
by Figure 5-25 of this section. The specific physical phenomena leading to CHF deterioration at
low qualities requires a more comprehensive future study. However, further deterioration of the
CHF at higher mass fluxes can be explained by comparing Figure 5-24 and 5-25. But only when
accounting for the temperature gradient of the HCF one would see an enhancement in DNB.
Given a heat generation rate, higher mass fluxes reduce the thermal gradients in the flow that
would affect the transport of the bubbles from the rod surface to the bulk, as vapor gets collected
in the elbows of HCF rods, which is the location of the highest heat flux, and leads to early
burnout. Higher mass fluxes also lead to lower qualities, and as stated by the experimental data,
leads to a reduction of CHF. The last finding about observing the burnout on the central rod can
also be noted in Figure 5-20. As shown, since all the 16 simulated HCF rods are twisted in the
same direction, only a small amount of vapor is retained in the bundle corners, compared to
cylindrical rods, leading to the starvation of liquid within the central rods of the bundle, which
makes CHF more likely to occur in these central locations. Therefore, while the simulation
results are preliminary, they show logical trends for HCF and agree with the observations from
the available experimental data.
Similar to the DNB, the dryout investigation for the Cylinder and HCF rods were
performed using TransAT by simulating a liquid film on the HCF rod and applying periodic
boundary conditions everywhere. The liquid and gas regions are initialized at 2 and 15 m/s
respectively, similar to what is present in annular flow in BWR rod bundles. The simulations ran
for 10000 time steps, restarted from a steady state simulation with similar settings as the DNB
simulations expect that the LES simulation had to be performed in place of RANS to effectively
capture the interface. The LES adaptive explicit time stepping was employed with minimum
CFL of 0.2. The grid size to capture entrainment is on the order of 11 pm in the boundary layer
and 150 pm in the bulk flow, therefore, the simulation is very expensive and restricted to a
length of 12.5 cm with pitch of 1.5 cm. While the proper benchmarking of these simulation is
part of recommended future work, the conclusion that can be drawn from Figure 5-26 is that the





Figure 5-26 The TransA T simulations of the untwisted (right) and twisted (left) HCF rods.
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Since there are no experimental data available for dryout, future work should include
further utilization of the CMFD techniques to obtain more insight in CPR and MDNBR
phenomena for the HCF geometry under BWR and PWR conditions. The correct velocity
distribution and stresses were not captured in this study, and the flow area of the rods had to be
increased to achieve convergence. The high shear and temperature gradients at the boundaries,
where the HCF petals get close, required very fine grids to be able to maintain the minimum CFL
limits in the explicit time stepping approach as the computational time became limiting.
5.5 HCF Cladding and Fuel Performance
Similar to the two phase flow simulations shown in the previous sections, accurate
prediction of HCF cladding and fuel performance is left as future work. Though, it is important
to have a qualitative discussion of how the HCF rods will perform under PWR and BWR
conditions. The above analysis assumed the fuel was in the oxide form, different from the
metallic fuel fabricated HCF rods used in Russia [Bashkirtsev et al., 2005] as shown in Figure 5-
27. If the metallic fuel required uneven cladding thickness, then the oxide fuel version will most
likely also require uneven cladding thickness. As shown in Figure 5-27, if constant pressure is
applied for the SP3 uniform thickness designed cladding, the corners experiences 60% higher
than average stresses due to the non-circular geometry of HCF rods.
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Figure 5-27 The finite element simulation of cladding stresses due to a uniform heat load (left) or pellet
to clad interaction (right).
Furthermore, following the gap closure of oxide fuel, the stress imposed on the claddings
at the point of contact is also shown in Figure 5-27. Since the SP3 design makes contact with the
neighboring rods, then for the rods with the closed gap, the magnitude of the stress on the
cladding will be larger than the case of metal fuel due to the higher rigidity of the oxide fuel.
However, FRAPCON shows a gap closing delay of 20 MWD/kgU for the 200 K average fuel
temperature difference between the uprated SP3 rod and the cylindrical rod of a GEl 1 pin. This
can mean that the gap closing will occur very late in life in the SP3 case and might not ever
occur due to the lower heat generation rate at the fuel region next to the point of contact.
However, the fast fluence has been enhanced by a factor of 2.1 as calculated in Section 4.2,
which advances the time of contact by 7 MWd/kgU, calculated from a reference pin model in
FRAPCON. The fretting wear of the cladding at the point of contact could also be an issue.
Since the 50 cm pitch SP3 contact occurs every 12.5 cm compared to 50 cm for every spacer grid
in a typical bundle and the vibration amplitude is very sensitive to the span of contact, then the
HCF rods are expected to have far lower vibration amplitude compared to cylindrical rods and
the wear issue might not be of concern, especially if the core residence time is decreased
proportional to the HCF power uprate due to the 5% enrichment limit currently imposed in the
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US. However, most likely due to manufacturing concerns the 200 cm twist pitch of SP3 design
has to be used with oxide fuel which the vibration amplitude could degrade cladding reliability.
Figure 5-28 3D simulation of SP3 rod thermal induced stress in ADINA.
Similar to the pressure load, the thermal stresses are also radially asymmetric in the HCF
rods. The thermal stresses at the elbows are 30% higher than the average, as shown in Figure 5-
28. Therefore, a 3D finite element model is required to perform any cladding and fuel
performance. The 3D codes being developed such as MOOSE are still in the testing phases. The
main challenge of 3D finite element fuel performance codes are the uncertainty about
applicability of empirical models for each micro-scale elemental mesh. Therefore, the
recommended approach is to perform a detailed temperature and stress calculation. Then, the
results can be mapped on a course mesh where the radiation assisted models that are empirical,
such as swelling, can be applied.
5.6 HCF Safety Analysis
5.6.1 HCF Steady State Reactor Model
The HCF rods neutronic study yielded reactivity coefficients very different from those of
the cylindrical rods. Therefore, both the stability and safety performance of these rods need to be
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assessed. For a more complete description of each of the safety cases and stability criteria
Chapter 3 can be referred to. For this section, 2 transients and 2 accidents are considered that will
cover most situations within the domain of reactor safety analysis. These transients and
accidents produced the most severe cases for the LASP design study [Kito et al., 2010] and are
shown below:
* Generator Load Rejection Without Bypass (Increase in RPV pressure)
* Loss of controller failure transient (Increase in water inventory and reduced temperature)
e Pump seizure (Decrease in flow rate)
* Design Basis LBLOCA (Reduced water inventory)
The RELAP5 model used is similar to the one used in [Kito et al., 2010] for the LASP
design analysis. The nodalization of the plant can be seen in Figure 5-29.
Figure 5-29 BWR/4 nodalization with REL AP5 [Kito et al, 2010].
The specific parameters for steady state are shown in Table 5-12 for the reference BWR/4
and HCF cores. The core power and flow rates have been multiplied by 1.2 for the HCF core.
The pressure drop is coincidently also about 1.2 times the reference core pressure drop as the
higher friction factor and flow rate of HCF rods is balanced with the omission of grid spacers.
The simulations are run at 105% nominal power as the CPR and CHFR values reflect 105%
nominal power using the Hench-Gillis and EPRI correlations on an assembly level in the VIPRE
code, respectively. The assembly level critical analysis neglects the enhanced mixing induced
by HCF rods and therefore the initial CPR and CHFR rating of the HCF design is below that of
225
the reference case. The void coefficient and temperature coefficient were calculated using the
assembly level neutronic model presented in Section 4.2. The HCF rods show much higher
Doppler coefficient as expected due to the larger fuel perimeter and lower operating fuel
temperature. The HCF assembly void coefficient, consistent with the trends from pincell
perturbation also shown in Section 4.2, was 25% less than the reference BWR. The higher
absorption in the cladding does contribute to the lower void coefficient.
Table 5-12 The Steady State parameters
Parameters Ref. core HCF Core
Bundle Array Size (9x9 fuel) (9x9 fuel)
Reactor thermal power (MW) 3323 3988
Core flow rate (kg/s) 13700 16400
Bypass Flow Rate (%) 13.6 13.6
System pressure (MPa) 7.1 7.1
Core inlet temperature ("C) 278.3 278.3
Core Exit Quality (%) 13.1 13.1
Feedwater flow rate (kg/s) 1856 2227
Total Core Pressure Drop (kPa) 160 190
RPV inner diameter (m) 6.4 6.4
Number of fuel assemblies 764 764
Core power density (kW/1) 50.5 60.5
Fuel Area (cm 2) 0.716 0.716
Fuel rod pitch (mm) 14.3 14.5
Active fuel rod height (m) 3.71 3.71
Part length rod height (m) 2.44 2.44
Number of full length fuel rods 66 66
Number of part length rods 8 8
MCPR 1.471 1.365
MCHFR 1.704 1.637
Assembly inner dimension (mm) 132.5 132.5
Average linear power (kW/m) 16.5 19.8
Void coefficient (cents/% void) -8.88 -7.10
Fuel temperature coef. (cents/C) -0.391 -0.621
The HCF uprated fuel average temperature is lower by 300 K and the centerline
temperature is lower by 400 K compared to its equivalent cylindrical geometry with the same
fuel volume calculated by using RELAP5 fuel and the clad properties and the heat transfer
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coefficient of the hot pin in STARCCM+. Therefore, fuel is modeled as an equivalent cylinder
with the same perimeter as the HCF rods. This will result in higher fuel temperature by 200 K
and higher centerline temperature by 270 K under steady state. This approach is used in
RELAP5 even though the temperatures are overestimated.
5.6.2 Generator Load Rejection Without Bypass
In the generator load rejection-without bypass transient, the turbine valve is suddenly
closed and causes a fast increase in reactor pressure, which then will collapse the voids in the
core. Since the void coefficient is negative, this will cause a rise in reactivity which results in
very high power levels in a short period of time. Figure 5-30 shows the power, pressure and
mass flow rate for the reference BWR4 design and three HCF design options. The first HCF
design perturbation has the same reactivity coefficient as the BWR4 model displayed as
BWR4_rho. The second perturbation is similar to the last one with decreased fuel conduction
length to obtain an equivalent fuel volume area. As mentioned in the previous section, the fuel
volume was increased in order to better match the lower fuel temperature in the HCF rods.
However, the fuel volume increase affects the total negative doppler reactivity insertion in the
transient and as shown, the Doppler coefficient is more negative and the peak power realized by
the HCF core during the transient is decreased by 6%. The last case shown in Figure 5-30 is the
HCF rod with the neutronic coefficients listed in Table 5-12 and as expected, the power increase
is less as the void coefficient is less negative and Doppler coefficient is more negative for the
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Figure 5-30 The reactor power (a), pressure (b) and mass flow rate (c)for the generator load rejection
without bypass transient.
Figure 5-30b shows that while a higher pressure rise is seen in the RPV due to the higher
power increase in the transient, the HCF pressure rise still remains well below the 2.5 MPa limit
for pressure rise. The mass flow rate can be seen in Figure 5-30c as the HCF flow rate is initially
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Figure 5-31 The MCPR during the generator load rejection without bypass transient.
The MCPR for the three cases is shown in Figure 5-31 for the generator load rejection
without bypass transient using the Hench-Gillis correlation on the assembly level. Due to the
higher increase in power, the HCF rods show larger magnitude of change in CPR. The reference
case sees a change of 0.43 AMCPR, which is far greater than the change of 0.2 AMCPR reserved
for transients in licensing. As was observed in Chapter 3, the lack of reliable CPR correlations
results in non-realistic CPR changes. However, as seen in Figure 5-30a and 5-31, the relative
magnitude of change is directly proportional to the increase in power, and the CPR falls below
lin the order of the power reached. Therefore, if we normalize the HCF AMCPR to the assumed
BWR4 ACPR of 0.15 for this transient, an HCF AMCPR of 0.215 is obtained. This is still
unacceptable, therefore decreasing the steam velocity of the vessel or increasing the loss
coefficient of the steam line would be pursued to bring the maximum power reached during the
transient down by delaying the pressure wave propagation. Similar strategies were explored for
the LASP design, however, it is very important to note that if the CHFR approach used in the
LASP study was employed here, then on ACHFR of 0.23 and 0.09 are calculated for the
reference and HCF transient responses shown in Figure 5-30, respectively. This implies that the
HCF design performs better than the reference design if the CHFR approach is employed. This
was due to the reduced sensitivity of the EPRI correlation to changes in power at higher
operating mass fluxes compared to the Hench-Gillis correlation.
229
5.6.3 FeedWater Controller Failure Transient
The FeedWater controller failure will cause the coolant temperature to decrease due to an
increase in flow rate of FeedWater which is at lower temperature than the saturated water
returning to the core from the above core region in the vessel. This transient response is also the
limiting event in the category of excessive coolant inventory events. After 20 seconds of
simulation, the water level will increase and reach the reactor trip set point. The reactor's RCIC
is expected to start as the water level begins to drop since the reactor trip opened the bypass
valves and the reactor inventory starts to decrease.
Furthermore, the increase in feedwater flow rate leads to the rise of the water level in the
reactor pressure vessel. At 17.6 second, the turbine, feedwater pump and recirculation pump trip
due to a high water level signal. The scram signal activates, simultaneously. After that, the
turbine bypass valve starts to open. Since the capacity of turbine bypass line is smaller than that
of the main steam lines, the system pressure will increase until actuating the safety relief valves.
Back propagating pressure wave through the steam line reaches the core and causes compression
and condensation of the voids. As a consequence, the reactor thermal power rises sharply due to










































Figure 5-32 The reactor power (a), pressure (b) and mass flow rate
Failure transient.
15 20
(c) for the FeedWater Controller
Figure 5-32 displays the reactor power, pressure and core inlet mass flow rate for the
FeedWater controller failure transient. The power spike was larger for the HCF rods due to the
higher steam velocity within the RPV. Consequently the pressure and flow rate rises were also
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Figure 5-33 The MCPR during the FeedWater Controller Failure transient.
The MCPR is shown in Figure 5-33 and, similar to the turbine rejection transient, the
magnitude of change for AMCPR is higher for the HCF rods compared to the reference design.
However, in this case if proportionality were taken with an assumed AMCPR of 0.1 for this
transient, then the HCF AMCPR will be 0.15, below the 0.2 AMCPR limit. Similar to the turbine
rejection transient, the AMCHFR would be less for the HCF rod design compared to the
reference design. It is noted that the LASP design struggled more with the CHFR limits for both
of the modeled transients as its 20% more negative coefficient resulted in higher peak powers
compared to the HCF design.
5.6.4 Pump Seizure Accident
For the recirculation pump seizure accident, one of the two pumps in the recirculation
lines will stop working and core mass flow rate will decrease to 50% of its nominal value. No
SCRAM is assumed. Therefore, the ability of the core to bring down itself in power depends on
its neutronic properties within the first 10 seconds of the accident. Figure 5-34 shows the reactor
power and core inlet flow rate during the pump seizure accident. While the power decreases
faster for the HCF design, the effects of mass flow rate, temperature and pressure are the same
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Figure 5-34 The reactor power (a) and mass flow rate (b)for the pump seizure accident.
As seen from Figure 5-34b, the flow rate in the HCF decreases faster due to the 20%
higher pressure drop in the core. Similar to Chapter 3, ABWR all pump trip accident, the CPR
kept increasing as the flow decreased and did not show a negative change in CPR with HCF rod
having a faster rise in CPR margin. This was again unrealistic as pump seizure accident has been
reported with negative ACPR and therefore the MCHFR was also shown in Figure 5-35. The
AMCHFR for the reference and HCF designs were 0.357 and 0.47, respectively. This change
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was considered to be below the licensing requirement, considering no mixing has been accounted
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Figure 5-35 The MCPR and MCHFR during the pump seizure accident.
5.6.5 Design Basis LBLOCA
The RELAP5 model lumped all four recirculation lines into two recirculation lines.
Since Browns Ferry is a BWR4, the design basis LOCA is breaking one out of the four
recirculation lines. The signal is transmitted through the RELAP5 control system for
SCRAMing of the core. There is a 1 second delay in the SCRAM initiation signal. Once the
break takes place, the system pressure starts to decrease rapidly and the vessel will go through
blowdown where the water starts flashing, thus decreasing the core power. It is noted that the
newer design reactors such as ABWR, discussed in Chapter 3, do not have to worry about such
accident as the core is designed to remain covered. Therefore, if the HCF core performs well in
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Figure 5-36 The reactor power (a) and RPVpressure (b) for the design basis LBLOCA.
Figure 5-36 displays the power and depressurization of the designs for the LBLOCA
which are very similar. The parameter of interest is the peak clad temperature shown in Figure
5-37. Even though the peak clad temperature for the reference design is on the low side by about
200 K, the relative performance of the design is more important than the difference of BWR4
LBLCOA PCT and the current reference simulation. The quench time matched well with the
previous analysis for the reference BWR4 design [Kito et al., 2010]. Though, the HCF rod has
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Figure 5-37 The peak clad temperature for the design basis LBLOCA.
As mentioned in Section 4.3.4, the RELAP5 has a deficiency in accurate simulation of
the temperature distribution within the HCF geometry. Therefore, a 2D HCF geometry was
modeled with RELAP5 fuel and clad properties and a fluid-to-cladding heat transfer coefficient
and power appropriate for the peak axial node in the hot pin during the accident. For
conservative analysis, the outer clad temperature was used as the ambient temperature in the
simulation. The simulation was first run as steady state and then 180 seconds of unsteady
implicit simulation with the RELAP5 time dependent boundary conditions. Additionally, two
other equivalent cylindrical geometries were made to test the possibility of existing ID


















Figure 5-38 The peak clad temperature for the design basis LBLOCA with STARCCM+ simulation.
Figure 5-38a is a snapshot of the HCF geometry at 50 seconds in the simulation. As
shown, the peak cladding temperature occurs at the elbow region of the HCF geometry and
therefore the average cladding temperature of the section shown with the red circle is also






temperature distribution does not exist in case of a cylindrical cladding. Figure 5-38b displays
the two cladding temperatures for the HCF rods and shows a 10 degree average difference
between the circled section and average cladding temperatures for the HCF geometry. It is also
shown that the approach used in RELAP5 of modeling an equivalent cylinder with the same
average heat flux as the uprated HCF rod actually underestimates the peak cladding temperature
by 50 degrees even though under steady state it overestimates the fuel temperature. Figure 5-38b
also shows that if the volume of the fuel is conserved, then the peak cladding temperature is
overestimated by 55 degrees. It is concluded that a modeling approach by conserving the fuel
volume is preferred as Doppler coefficient plays a very small role in LBLOCA and the
overestimation of the fuel temperature during steady state is not of concern. A rise of 55
degrees in the peak cladding temperature leaves little margin for the cladding temperature
difference compared to the reference design shown in Figure 5-38. While the PCT in the HCF
core is shown to be the same as the reference core, this analysis implies that for the case of
PWRs that the HCF rods are expected to increase the power by 40%, the LBLOCA peak clad
temperature limit will most likely be reached unless the safety systems are upgraded.
5.6.6 Stability
The previous stability analysis showed that generally the HCF rod displayed smaller
perturbation decay ratios and frequencies than reference cylindrical rods [Hu, 2010]. However,
the previous study didn't use the SP3 specific geometric parameters, the recommended reduced
friction factor from experiments and modified reactivity coefficients. The updated friction factor
and reactivity coefficients along with SP3 geometry are applied into STAB to generate more
accurate decay ratios and frequencies.
Table 5-13 The sensitivity stability analysis of the HCF rods vs. the reference design.
Modes of Stability Single Channel Out of Phase In Phase
Decay Ratio Freg (Hz) Decay Ratio Freq (Hz) Decay Ratio Freq (Hz)
Reference Design 0.122 1.095 0.115 0.886 0.304 0.772
HCF SP3 Design 0.152 1.611 0.101 1.297 0.251 0.945
SP3 + Friction 0.199 1.629 0.147 1.322 0.275 0.951
SP3 + Doppler Coeff. -- -- 0.146 1.321 0.275 0.950
SP3 + Void Coeff. - - 0.137 1.499 0.259 0.949]
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Table 5-13 lists the sensitivity of the decay ratio to the mentioned modeling parameters
for the three analyzed modes of instability. The single channel decay ratio is shown to be higher
than the reference design, although still below the 0.5 decay ratio limit for this mode of stability.
The out of phase shows close decay ratio and the in phase shows smaller decay ratio compared to
the reference design. Due to the higher flow velocities, all the frequencies are larger for the HCF
designs. The increase in the friction factor that increases the two phase pressure drop has a
destabilizing effect on all the modes of stability. The increase in the Doppler coefficients shows
almost not impact in the decay ratio or frequencies. The smaller void coefficient has stabilizing
effect in the out of phase and in phase modes of stability as expected and similar to what was
observed in case of the HPD-BWR stability analysis in Chapter 3. The smaller void coefficient
increases the frequency observed in the out-of-phase mode of stability. This large increase in
frequency compared to the reference design could have some fuel performance implication. In
fact the STAB code does not perform a 3D temperature calculation, and the above results could
be affected by thermal properties of HCF rods such as the gap conductance.
5.7 Manufacturing and Licensing
The current manufacturing technique for U0 2 pellets involves pressing a granulated
mixture of U0 2 powder and sintering the pellet to 90-97% of the theoretical density at high
temperatures [Simnad, 2004]. The HCF pellets are expected to be fabricated with a similar
process. Though, the larger neutronic spatial sensitivity might require the knowledge of the
exact location of gadolinium within the U0 2 pellet. The loading of the pellets in the cladding is
deemed to be more complicated than the manufacturing of the pellets. Since the pellets are
sintered at temperatures above 1500 C, the pellet and cladding cannot be extruded together
similar to the manufacturing process used in Russia for HCF rods in metallic fuel form. One of
the feasible methods in loading the pellet is to stack the pellets vertically and potentially holding
the stack with the hole in the middle and putting the twisted cladding over the pellet stack. The
design implication of the size of the hole should be further investigated as it could provide
neutronic and thermal hydraulic advantages.
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The manufacturing of the cladding was also explored [Shirvan et al., 2011] and found to
be a challenge to require +/- 0.0005" tolerance, especially if non-uniform cladding thickness is
required. The best technique was deemed to be extrusion of the cladding through a die of desired
cross-section. If indeed, the current technology cannot meet low manufacturing tolerances in
production of HCF hollow claddings, then pellet to clad interactions and hot spots could be
formed and that may compromise the HCF fuel reliability.
In terms of licensing, extensive experimental tests are needed for the HCF geometry. The
complications due to coupling of different physics within HCF rods could make the licensing
process extremely expensive. The manufacturing and reliability of the oxide form of HCF rods
are currently of highest priority. If metal fuel is chosen, then the US regulatory framework
needs to adjust, something that no licensee has yet to seriously pursue. The metal fuel higher
swelling rates would also result into higher needed degree of fidelity for licensable analysis tools
that currently do not exist.
5.8 HCF Design Methodology
The neutronics, thermal hydraulics and structural performances of the HCF design was
discussed within PWR and BWR context. As discussed, there is a need to go to higher fidelity
modeling techniques than the ones utilized today for LWR licensing when it come to HCF
design. Table 5-14 lists the HCF high fidelity modeling needs in order of importance for
licensing.
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Table 5-14 The high fidelity modeling of the HCF rods as afunction of importance for licensing.
Model Importance
3D Neutronic cross section
CFD based Friction Factor
3D Single Phase Flow Model
3D Two Phase Flow Model
3D Conduction Model
DNB and CP Ex erimental Data
Pressure Drop Data
Void Fraction Data
3D Finite Element Model




The following methodology is recommended for the HCF design based on the analyses
performed in this chapter:
1. 2D neutronic geometric optimization of the HCF design on the assembly level using a
Monte Carlo approach.
2. Fuel performance with finite element to perform detailed stress and temperature
calculations and mapping the necessary inputs on a course mesh for available empirical
models.
3. Repeat steps 1-2 if the geometry needs to change due to fuel performance constraints.
4. 3D neutronic analysis using a 3D MOC solver for a 6.25 cm of a 50 cm twist pitch rod to
generate core wide cross-sections.
5. Core wide neutronic model, using current nodal diffusion core simulators, to calculate the
reactivity coefficients.
6. Assembly level for BWR or pincell level for PWR CFD simulation to calculate the single
phase friction factor.
7. Assembly wide for BWR or core wide for PWR thermal hydraulic subchannel analysis
using coupled 3D conduction finite volume code with the core simulator peaking factors.
241
8. Redoing steps 1-7 if the CPR or DNBR using traditional correlations at the desired power
uprates are unacceptable.
9. Safety and stability for BWRs analysis using the neutronic, thermal hydraulic and fuel
and cladding performance parameters.
10. Redoing steps 1-9, if safety and stability analysis failed current licensing limits.
11. Perform manufacturing feasibility study with the optimized computational design.
12. Redo steps 1-11 if the manufacturing constraints changed the HCF geometry.
13. Construction of an experimental facility to perform critical heat flux tests, pressure drop
and void fraction measurements and irradiation testing at wide range of conditions and
geometries.
14. Redo steps 1-13 if the new data showed large deviation from applied computational
models.
15. More extensive irradiation testing of sample rods in reactor conditions to prove fuel
reliability.
16. Redoing steps 1-15 if fuel reliability was compromised to below licensing limits.
17. Developing new design tools with new correlations and empirical models based on the
new experimental database.
18. Purchasing multiple high performance computational capabilities for cycle design for
vendors and utilities (>300 cores) to perform core reload design calculations.
Furthermore, it is concluded that if:
e the oxide form of HCF design is used, then the main area of weakness will be
manufacturing.
* the metal form of HCF design is used, then the main area of weakness are licensing of
metal fuel, though, the details of design implications of the metal fuel was not explored in
this study.
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Chapter 6 Summary and Conclusions
6.1 Summary of the Characteristics of BWR-HD
The goal of designing a more economic BWR by enabling a higher core power density
based on the established technology of square cylindrical pin arrays was realized through the
BWR-HD design as shown in Table 6-1.
Table 6-1 Comparison of the ABWR and BWR-HD steady state design parameters
Core Power Density (kW/L) 50 82
Total Power (MWth) 3926 5000
RPV inner diameter (m) 7.1 7.6
Total Core Flow Rate (kg/s) 14502 14200
ByPass Flow Fraction (%) 13.9 13.4
Number of Assemblies 872 872
Average Enrichment (wt%) 4.2 4.0
Upper Plenum Exit Quality (%) 15 19
Core Average Void Fraction (%) 44 46
Fuel temperature coefficient (PCM/ C) 1.6 1.6
Void coefficient (PCM/% void) -78 -65
Average Linear Power (kW/m) 13.23 10.86
Specific Power (kW/kg) 26 43
Core Inlet Temperature ( K) 552 548
2
Mass Flux (Hot) (kg/m 2-s) 1193 (1145) 1400 (1288)
Assembly PF BOC (EOC) 1.4 (1.56) 1.38 (1.6)
MCPR BOC (EOC) 1.58 (1.47) 1.56 (1.42)
Hydrogen to Heavy Metal Ratio 4.32 4.67
Assembly Pressure Drop (kPa) 125 96
Assembly Inner Dimensions (cm) 13.35 14.80
Fuel Pins/Water Rods 92/2 220/9
Assembly Loading (kgU) 175 132
Active Rod Height (m) 3.7 2.4
Fuel Pellet OD (mm) 8.76 6.00
Fuel Pin OD (mm) 10.26 7.00
Clad Thickness (mm) 0.6 0.42
Fuel Pin Pitch (mm) 12.95 9.00
Number of Spacer Grids 8 6
Vibration Amplitude (mm) 0.07 0.092
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The 82 kW/L power density of the proposed design is 65% higher than the ABWR
nominal power density. The core's shorter length, smaller diameter pins and higher exit quality
lead to increasing the power production by 25% in a smaller reactor vessel. The proposed
design was found to exhibit successful performance under the analyzed steady state and transient
conditions. The BWR-HD has the potential to provide an improved economic output through a
near-term licensable design. The following is a summary of the methodology used and the
BWR-HD performance in neutronics, thermal hydraulics, fuel and cladding performance,
economics, transient and stability as discussed in detail in Chapter 3 and 4.
6.1.1 Methodology
The methodology described in Chapter 2 embodied the main parameters that are required
for BWR design. The main difference in the adopted methodology compared to other studies is
the greater level of detail and wider range of physics considered for the optimization of this
conceptual design. The notion of keeping the core height to core diameter relatively the same to
decrease neutron leakage, and keeping the power to flow ratio constant to maintain nominal
stability limits, were among the main constraints in most BWR analyses in the past, but were not
followed in the present study. They proved to be the two key parameters to enable a large power
density increase, and a shorter vessel height. Although the design space was large, it was still
restricted due to adding the considerations of near-term licensibility of the design. The tools of
analysis also restricted the design space, such as the ability of the CASMO4 code to perform
neutronic calculations on a square lattice geometry but not a hexagonal one. Furthermore,
choosing of U0 2 as fuel material and the 5% enrichment limit in the methodology, which are
mainly the constraints in the US nuclear industry, confined the fuel cycle to an annual LWR
cycle. The computational time of each method and tools were also carefully considered to
enable speedy calculations, an important part of the evaluation of the design's licensibility.
Lastly, sophisticated optimization techniques such as simulated annealing for the design scoping
study and genetic algorithms for assembly design were attempted but they proved to not play an
important role in the design process or the end results.
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6.1.2 Neutronics Performance
The average core enrichment of the BWR-HD design was the same as the ABWR design,
even though the BWR-HD core has higher leakage due to its shorter height. The neutron
spectrum, as shown in Figure 3-2, showed higher relative thermal and fast flux peaks, which
resulted in lower population of neutrons in the epithermal energy range, yielding better fuel
utilization at the current BWR burnup levels. Table 6-2 shows the reactivity coefficients for the
equilibrium cycle of the cores of the ABWR and the BWR-HD designs. The BWR-HD
reactivity coefficients have the same sign as the ABWR core and their magnitude is deemed
acceptable, and in fact in some cases an improvement upon the ABWR.
Table 6-2 BWR-HD vs. ABWR neutronic coefficients at BOC and EOC for equilibrium cycle.
Distributed Doppler Coefficient -2.95 -3.06 -2.92 -3.19 pcm/K
Uniform Doppler Coefficient -2.23 -2.16 -2.23 -2.12 pcm/K
Void Coefficient -78.88 -67.69 -60.83 -45.32 pcm/% Void
Power Defect -370 -389 -318 -314 pcm
Pressure Coefficient 1.14 1.15 0.74 0.72 pcm/kPa
Moderator Temperature Coefficient -100.78 -96.37 -62.55 -57.64 pcm/K
Flow Coefficient 29.78 31.56 19.85 18.49 pcm/% Flow
The BWR-HD equilibrium cycle design requires future work as the excess reactivity
results in negative shutdown margins at MOC, where shutdown margin is usually not limiting.
Throughout the equilibrium cycle burnup, the BWR-HD SDM was greater than the 1% minimum
SDM requirement. Though, the BWR-HD's SDM proved to be more limiting than the ABWR
design and implied that the upper limit of BWR bundle fuel density has been reached in the
design for the N-type CRD configurations. The BWR-HD assembly design showed sensitivity to
the water rod and void fraction radial distributions. This implies that the current methods and
approach to BWR assembly design might need to be modified to more accurately simulate, and
to fully take advantage of, the BWR-HD assembly neutronic design features.
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6.1.3 Thermal Hydraulics and Vibration Performance
The BWR-HD core has a lower pressure drop and fuel average and maximum
temperatures along with 5% higher average void fraction compared to the ABWR design. The
current widely used correlations for BWR designs showed insensitivities for these BWR-HD
design parameters. On the other hand, the CPR analysis showed that the BWR-HD will
experience different CPR trends compared to the ABWR. The CPR margins during steady state
calculations were deemed acceptable. However, the CPR showed sensitivity to the operating
conditions as well as to the correlation used, i.e the Hench-Gillis CPR correlation vs. other CPR
correlations which are based on experiments closer to BWR-HD design, such as the ARAI
correlation,. Table 6-3 shows the MCPR sensitivity to different CPR correlations for the hot
assembly of the ABWR and BWR-HD designs.
Table 6-3 The MCPR values predicted by different correlations.
100 0.273 1.404 1.690 1.742 1.528
ABWR 118 0.304 1.261 1.518 1 1.564 1.372
AMCPR -0.143 -0.172 -0.178 -0.156
100 0.341 1.270 1.556 1.558 1.330
BWR- 118jIII 0.~383I 1.130 1.385 1.387 I1.184
AMCPR -0.140 -0.171 -0.171 -0.146
The BWR-HD was designed with 6 spacer grids, resulting in a spacer grid span of 40 cm
compared to the ABWR spacer grid span of 48 cm. The shorter grid span resulted in only 30%
higher vibration amplitude even though the BWR-HD rod diameter is 45% smaller than the
ABWR. Also, accounting for the shorter fuel residence time, the fretting and sliding wear on the
cladding were 20% and 30% of ABWR pins, which imply higher cladding reliability for the
BWR-HD pins compared to the ABWR pins.
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6.1.4 Fuel and Cladding performance
The BWR-HD performance as predicted by the standard FRAPCON 3.4 models showed
a different behavior from the reference model. Overall, the BWR-HD design did show promising
and comparable performance to the reference design, as long as the burnup level of the designs
are comparable. Even though the cladding thickness is reduced from 0.6 mm to 0.42 mm, the
relative oxide thickness of the two designs were the same at the same burnup. The BWR-HD
pins also showed higher negative strain rates at BOL due to the thinner cladding. However, the
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Figure 6-1 The hydrogen pickupfor the reference and BWR-HD hot rods using the models in FRAPCON
3.3 and 3.4.
As shown in Figure 6-1, the hydrogen pickup showed a large dependence on the
Zircaloy-2 manufacturing techniques and FRAPCON 3.3 and 3.4 hydrogen pickup models. GE-
Hitachi controls the alloy composition more tightly as the 2nd phase precipitate is different for
the new Zircaloy-2 claddings implemented in FRAPCON 3.4. Achieving the same burnup for




The BWR-HD equilibrium cycle design was based on an annual fuel cycle, while the
ABWR cycle design was based on an 18 month cycle design. Though, the BWR-HD showed
potential to extend its fuel cycle to an 18 month cycle, a simplified economic analysis was
performed based on annual cycle, which results in conservative values. The refueling outage
time for both designs was fixed at 25 days, even though, the maintenance scheduled for each
outage is expected to be less for the BWR-HD compared to the ABWR due to the more frequent
outages. The front-end fuel cycle cost was 14% lower for the BWR-HD due to its 70% higher
specific power. The total fuel cycle cost was the same for the two designs, as the BWR-HDs
more frequent outages increased its operational cost. Considering the published studies on BWR
power uprate and ABWR II design, it is expected that the 26% higher power output will result
into about 20% lower capital and O&M costs per kW-hre compared to the ABWR design.
Overall, this results in about 19% total cost savings per kWhre while generating 330 MWe more
power.
6.1.6 Transient Performance
The BWR-HD different core flow velocity, feedwater flow rate, inlet temperature, void
coefficient, pressure drop, core fuel loading and volume of fluid in the core resulted in very
different transient response for the 6 modeled transients listed below.
* Generator Load Rejection Without Bypass (Increase in Reactor Pressure)
e Loss of FeedWater Flow (Decrease in reactor inventory)
* Reactor Internal Pump Seizure (Decrease in Reactor Coolant System Flow Rate)
e Loss of FeedWater Heating (Decrease in Reactor Coolant Temperature)
* FeedWater Controller Failure (Increase in Reactor Coolant Inventory)
e Rod Withdrawal Error at Power (Reactivity and Power Distribution Anomalies)
In general the 1.3 m shorter core results in faster SCRAM times and lower total positive
reactivity insertions during the transients, which improves BWR-HD performance vs. the
ABWR, using RELAP5 system code. The core remains covered and the RPV pressure never rise
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above licensing limits during any of the simulated transients. The MCPR has been calculated
using the VIPRE code via both subchannel resolved assembly and the average assembly
approaches. The ABWR maximum AMCPR during the transients calculated from the two
approaches did not match the reported ABWR AMCPR values by GE-Hitachi. However, if the
reference ABWR AMCPR values are considered accurate and the BWR-HD AMCPR values
predicted by VIPRE are adjusted so that the AMCPR VIPRE values obtained for ABWR are
made to match the reference values, then the BWR-HD AMCPR was not higher than the
reference ABWR in any of the six transients. A summary of the AMCPR values is shown in
Figure 6-2.
AMCPR
Figure 6-2 The relative AMCPR of the ABWR and BWR-HD designs.
For the of loss of coolant inventory accidents that were not included in the detailed safety
analysis, the BWR-HD qualitative performance was judged to be acceptable. The total fluid
volume within the RPV is conserved between the two designs, as the increase in the RPV
diameter of the BWR-HD compensates for the decrease in the RPV height by 2 m. Additionally,
the BWR-HD core has 36% smaller fuel loading and 22% smaller zirconium loading in its RPV
compared to the ABWR. Qualitatively, these differences argue for at least equivalent behaviour
for the two designs in case of loss of coolant events.
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6.1.7 Stability Performance
The stability performance of the ABWR and BWR-HD were performed for the three
modes of stability: single channel thermal hydraulic, coupled neutronic regional out-of-phase
oscillations, and coupled neutronic global in-phase core stability. The sensitivity to design
parameters such as inlet subcooling, presence of water rods, inlet orifice coefficient, power, flow
rate and void coefficient was examined using the STAB code and the BWR-HD performance
was concluded to be within the constraints applied in today's BWRs. Table 6-4 summarizes the
results for the BWR-HD and ABWR nominal decay ratios for perturbation in the three modes of
instability. The shorter core along with the lowers void coefficient lowered the decay ratio of the
BWR-HD.
Table 6-4 The perturbation decay ratios for the three modes of instability using the STAB code.
Single-Channel Thermal Hydraulics 0.1506 0.1579
Regional out-of-phase 0.2565 0.2572
Core-wide in-phase 0.3567 0.2858
Since the Core-wide in-phase instability is typically the limiting mode in the operation of
BWRs, the S3K code was utilized to perform 3D coupled thermal-hydraulic and neutronic
stability calculation and formulate an operation exclusion zone region for the BWR-HD design.
The BWR-HD higher core exit quality implies a lower flow to power ratio during operation,
which limits excess moisture carryover to the separators,. The BWR-HD operation map relative
to the ABWR operation map, accounting for the lower global mode of decay ratio and higher
quality, is shown in Figure 6-3.
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Figure 6-3 The AB WR power flow map [Fennern, 200 7] with the B WR-HD enhancements.
6.1.8 Summary of findings
It is concluded that compared to the ABWR the BWR-HD design provides improvements
in fuel utilization, pumping power, fuel reliability, fuel cycle front-end economics, waste storage
cost, capital and O&M costs, transient and stability performance. The BWR-HD is rated at 1650
MWe, producing 330 MWe more than the reference ABWR. The number of fuel assemblies and
control rods are practically the same and the design is based on existing assembly structures and
manufacturing techniques. All the tools used for the final design analysis are state of the art
tools used by either vendors or NRC for design licensing. Therefore, licensability of the BWR-
HD design is also deemed possible on a fast track. However, there are still needs for future work
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that should be performed as listed in Section 6-3. Figure 6-4 summarizes the BWR-HD design
improvements compared to the ABWR.
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........ . Enhnce Safety
Higher core reliability refers to 4 times lower core damage frequency by using passive safety systems of
ABWR Lo design [ofEA, 2004].
Figure 6-5 The BWR-HDfeatures compare to theABWR design (non-nuclear engineering version).
6.2 B WR-HD Comparison to Other Designs
The BWR-HD showed very promising results and improvements over the current ABWR
design. However, with any new paper reactor design it is important to compare its performance
to the existing alternatives. There are two designs in the same market as the BWR-HD design,
ESBWR [Fennern, 2006] and ABWR-I [Yamada et al., 1999] both provided by GE-HITACHI.
The comparison of the main parameters of all advanced designs is shown in Table 6-5. It is seen
that the BWR-HD does realize its goal of enabling a large power density compared to the
existing designs based on square lattice. The BWR-HD design maintains or improves the safety
and operation performance and reliability compared to the ABWR design. The increase in
power density results in better plant economics which is the ultimate measure of a reactor design.
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Table 6-5 Comparison of the BWR-HD to existing ABWR plants and the advanced designs ABWR II and
ESBWR.
Bundle Size (9x9 ) (1Ox 10) (10x1O) (16x16) (16x16)
Reactor thermal power (MW) 3323/4000 3926 4500 4960 5000
Core flow rate (kg/s) 13700 14500 13500 15667 14200
Core Exit Quality (%) 13.1 15.5 17 16 19.1
RPV inner diameter (m) 6.4 7.1 7.1 7.5 7.5
RPV Height (m) 21.9 21.1 27.7 21.1 19.1
Number of fuel bundles 764 872 1132 424 872
Core power density (kW/l) 50/64 50 55 58 82
Assembly inner dimension (mm) 132.5 133 133 200 148
Assembly Fuel Loading (kg) 160 157 146.6 448 132
Average linear power (kW/m) 16.5 13.3 15.1 19.4 10.86
Active fuel rod height (m) 3.71 3.71 3.048 3.71 2.4
Number of fuel rods per Assembly 74 92 92 224 220
Fuel rod OD (mm) 11.2 10.26 10.26 10.3 7
Fuel rod pitch (mm) 14.3 12.95 12.95 12.2 9
MCPR >1.3 >1.3 >1.3 >1.3 >1.3
Void coefficient (PCM/% void) -75 -80 > negative >negative -65
Safety/Operation Performance * *** ***** **
The ESBWR has many safety and operational advantages over all other designs through
100% reliance on natural circulation. However, it does not compete well with the ABWR-II and
BWR-HD economics and licensability. Even though, hundreds of millions of dollars have been
spent on the ESBWR, it will most likely still face questions about the adequacy of natural
circulation for all expected conditions. Also, its larger number of fuel assemblies in the core
results in 30% more bottom core penetrations compared to the BWR-HD design which increases
maintenance cost. The larger number of assemblies themselves will also negatively affect the
fuel reloading time compared with the BWR-HD design. The ESBWR also generates 500 MWe
less while using almost the same diameter vessel. Therefore, its plant economics may not be as
good as the BWR-HD, though its plants economics relies on simplification of the safety grade
systems and structures.
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With the added safety and operational margin while keeping the design licensable, it is
expected that the BWR-HD will also outperform the ABWR-II core design. ABWR-II has been
shown to respond to transients with less agility than the ABWR [Yamada et al., 1999]. While
technically it doesn't play any role in the routine operation, the BWR-HD also has 15% less
zirconium loading than the ABWR-II design, which is a favorable characteristics for severe
accident assessments, since the Fukushima accident. It is important to note that the ABWR-II is
not just a core design change but an entire reactor system change. Therefore, the BWR-HD core
design can make use of the changes made to reduce the operation time and plant construction for
ABWR-II. ABWR-II innovations such as the use of passive safety, results in far lower estimate
of core damage frequency and lower equipment cost, which are the two most important factors in
competitiveness of the BWR technology against PWRs. The fuel rods in ABWR-II are also
expected to suffer from higher corrosion rates, wear and harsher PCI due to a thicker cladding
and perhaps will experience more fuel failures than the BWR-HD, by reaching higher burnups
and longer core residence times. Also, in terms of corrosion, the water rods for the ABWR-II
design are box shaped which have shown poorer performance compared to the GE type
cylindrical water rods used in the BWR-HD design. The BWR-HD has a potential to go to 18
month cycle with less than 5% enrichment, while the ABWR-II requires 5.2% enrichment to
achieve 18 month cycles. By going to a higher burnup, the ABWR-II is expected to see 7% cost
reduction in the front end of fuel cycle while the BWR-HD realized 15% reduction in fuel cycle
cost at the same burnup as a nominal ABWR. It is also important to note that the BWR-HD
design leaves 30 cm in height for future desired power uprates as the vessel size was only
decreased by 2 m in height for conservative analysis. This gives an additional uprate margin
possibility of 12.5% or 205 MWe for the future, without increasing the linear heat rate, which
none of the above designs is capable of.
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6.3 Recommendations for B WR-HD Design Future Work
While the BWR-HD was shown to have good potentials, some future work should be
performed to increase our confidence in its performance.
" Methodology
> The use of other plant design parameters in the optimization scoping study could
prove to be beneficial.
> Optimization study could be performed with less restrictions such as consideration
of hexagonal bundles.
> The incremental change in each of the optimization parameters was very course for
conservatism. Finer increments should be taken to see if the overall design
incentives will change significantly.
> Better automation scripts and a more stream line design process could make the
design scoping analysis more efficient.
> An area not explored is the uncertainty quantification and propagation of each design
parameter and its importance on the end result. This approach could lead to further
improvement in design and is deemed to be the advance approach for most current
studies in the engineering discipline.
> Performing PRA or applying PRA techniques to design and safety analysis
methodology is recommended to be pursued.
" Neutronics
> Since the BWR-HD assembly is designed as a 16x16, genetic algorithm utilization
can provide significant advantage for the design of its fuel enrichment and burnable
poisons. The manual optimization of the assembly designs is more time consuming
compared to the standard 10 x 10 assemblies. Therefore, development of a smart
generic algorithm accounting for parameters such as the bundle spectrum and cost
will be useful for further improvement of the design.
> The feasibility study of going to 18 month fuel cycle while using less than 5%
enriched fuel rods should be performed.
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" Thermal Hydraulics
> The most important future work in thermal hydraulics is the performing of BWR-HD
design critical power experiments, as the thermal margin is essential to having
optimum BWR-HD design.
> The two phase pressure drop and void fraction experiments and higher fidelity
simulations could also contribute to further development of the BWR-HD design.
> The non-linear vibration analysis and experimental two phase vibration tests are also
of interest, as the BWR-HD design has higher vibration amplitude compare to the
ABWR design.
" Fuel and Cladding Performance
> The applicability of the FRAPCON 3.4 models to shorter fuel residence times should
be analyzed in the absence of irradiation specific data. The shorter time to reached
nominal burnup limits of today results in faster rate of change on the fuel and
cladding, such as cladding strain and oxidation.
" Economics
> The ability to manufacture 0.42 mm thick and 7 mm diameter cladding along with 6
mm diameter U0 2 pellets in large quantities should be examine.
> The economics of 12 month fuel cycles vs. 18 month fuel cycles need to be analyzed
in a more detailed manner than performed in this study.
> A rigorous bottom-up economic analysis of the BWR-HD design based on a
reasonably detailed design of the plant (not just the core and RPV), which is
currently lacking.
* Transients
> The RELAP5 ABWR model should be further developed and benchmarked,
especially:
o The control system associated with the different components.
o The loss coefficients within each component.
o The injection safety system design ratings.
> The decrease in water inventory category of transients should be analyzed
quantitatively.
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> A better method to predict AMCPR that is closer to GE-Hitachi reported values
should be implemented and developed.
> It is also desirable to re-perform the above transients with the presented S3K model
that has the 3D neutronic capabilities as well as most of RELAP5 thermal hydraulics
capabilities.
Stability
> Extension of the STAB code capabilities to properly account for ABWR internal
pumps for the global stability mode is needed. Also, the STAB code needs to be
updated to properly take into account the existence of partial length rods in the in-
phase and out-of-phase modes.
> A S3K stability analysis of the three stability modes at different burnup states should
also be performed. In this analysis, the global stability mode at BOC only showed
reasonable decay ratios.
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6.4 Summary of Helical Cruciform Fuel Design Study
The neutronics, thermal hydraulics and structural performances of the HCF design were
discussed in Chapter 5. The safety and stability performance of HCF rods in context of BWR/4
RPV were also assessed. The following is a summary of these analyses:
* The neutronics study showed lower reactivity for the HCF geometry, if the cylindrical
rod fuel volume is conserved. It also showed that the reactivity change in the HCF rods
due to rotation cannot be ignored. The void coefficient and Doppler coefficient were
found to be 25% less and 60% more compared to cylindrical geometry.
* The thermal hydraulics study concluded that the friction factor for the HCF rods needs to
be simulated with CFD for each HCF geometry. The SP3 200 cm twist pitch design has a
friction factor similar to Blasius and the 50 cm twist pitch has 20% higher friction factor
at BWR conditions. The two phase CFD also concluded that subchannel codes may not
be able to capture the subchannel temperature or void fraction inside a HCF bundle. The
single pin two-phase Eulerian study also showed that the void fraction in the HCF rods
might be overestimated if ID void fraction correlations are used, as the twist resulted in
lower average void fraction. It is concluded that a 3D heat conduction model is required
in order to perform the steady and transient HCF thermal performance. While the 3D
heat conduction is computationally inexpensive, the 3D flow and the lack of flow
symmetry for the bundle make HCF CFD simulation impractical with the current
computational power and tools.
* A new approach for analysis of the heat transfer crisis conditions for HCF rods in the
context of Departure from Nucleate Boiling (DNB) and dryout using the two phase
interface tracking method was defined, and initial results are presented. It is shown that
the twist of the HCF rods promotes detachment of a vapour bubble along the elbows
which indicates no possibility for an early DNB for the HCF rods and in fact a potential
for a higher DNB heat flux. Under annular flow conditions, it was found that the twist
suppressed the liquid film thickness on the HCF rods, at the locations of the highest heat
flux, which increases the possibility of reaching early dryout.
* The qualitative structural analysis of HCF rods showed uneven stress distribution on the
fuel and cladding due to both pressure and thermal loads. The HCF rods most likely have
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to be redesigned with thinner cladding at the elbows, which would further complicate the
already difficult manufacturing process.
* The HCF CPR analysis during transients showed worse performance at the 20% power
uprate if the Hench-Gillis correlation is used, but better performance if the EPRI CHF
correlation is used. The peak cladding temperature for the HCF rods was shown to be
similar to the reference BWR/4 model even with the HCF rods higher decay heat.
* The HCF rods showed higher frequencies in all modes of stability compared to the
reference BWR/4 design. The decay ratio of single channel and core out-of-phase
instability were slightly larger for the HCF design. The core in-phase decay ratio of
lower for the HCF design. The CFD simulated higher friction factor for the SP3 design
showed destabilizing effect on the HCF rod stability performance.
Assessment of the effects of neglecting the 3D aspects of the fuel design in the analysis tools,
and its impact on HCF performance is listed in Table 6-6. Table 6-6 also assumes the HCF twist
pitch is between 50 to 200 cm and the fuel can be manufactured with U0 2 and Zirc cladding.
Table 6-6 The impact of using current modeling approach and methods on HCF design.
Model Im ortance
Using current 2D crosssection sets
Using current Nodal Method
1Using Backfit Conventional Core Pattern
Friction Factor usin the Blasius Cor.
Usin SubC code for Sin le Phase Flow in BWRs
Using SubC code for Single Phase Flow in PWRs
Using SubC code for Two Phase Flow
Using 1D conduction Model
Using Empirical DNB Correlation
Usin Em irical out Correlation
Usin 1D Vibration Model
Using ID stress model (FRAPCON)
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As listed from Table 6-6, using the current neutronic approach, which consists of
conventional modeling assumptions, such as assuming an average fuel temperature for the
pellets, is appropriate. The 22.5 degree twisted HCF geometry is deemed to produce small errors
by neglecting the 3D reactivity changes introduced by HCF geometry. Though, the HCF needs
to have its own loading pattern design as back-fitting an optimized cylindrical rod loading
pattern will result in gross changes in the overall core reactivity.
The impact of using subchannel codes for single phase flow is considered to produce
significant errors for PWRs but not for BWRs. This is due to the fact that BWRs have bundle
boxes that limit the cross flow due to the twist of the HCF design. The twist will impact the
PWR core wide operating parameters depending on the twist pitch and its direction. The use of
empirical DNB and dryout correlations would also result into errors, though not significant. One
source of error is due to the high peak heat flux within the HCF elbows. The other source is
errors in prediction of DNB or dryout for subchannels in which the local tangential velocity is
outside of the range of the correlations, such as subchannels near bundle walls or guide tubes.
This is because the correlations cover only a certain range of conditions and HCF design
performance is more sensitive to local conditions than conventional cylindrical designs. Lastly,
as noted on Table 6-6, using the ID models in estimation of the vibration amplitude for the HCF
rods may also provide large errors, especially for estimating the cladding reliability. The
performed CFD analysis concluded that small changes in the rod geometry significantly impact
the wall shear stress in the proposed SP2 and SP3 designs as a 3D detail model of the flow in
context of vibration analyses will be required.
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6.5 Recommendations for Helical Cruciform Fuel Design Future
work
The HCF design development still requires future work as mentioned in Chapter 5. The
following is a list of recommended future work in order of importance:
" Manufacturability: For the oxide form of the HCF design, a manufacturability study is
needed before any additional research is performed.
" Critical Power Tests: If the HCF rods manufacturability is deemed a success, then CP
tests should be performed as the HCF geometry is different from the traditional
cylindrical geometries and current correlations and methods most likely produce large
uncertainties.
" Coupled Physics Simulation: The design process described in Section 5.7, needs to be
performed. A 3D MOC solver and finite element fuel performance tool should be
developed to be able to perform necessary steady state calculations.
e Two Phase Flow: Both the CFD resolved experiments and simulations need to be
performed for HCF rods to assess their performance more accurately in two phase flows,
especially for two phase pressure drop and void fraction.
0 Heat Transfer: In single phase or two phase flow, the HCF overall heat transfer
coefficient that can be used for system codes or subchannel codes is still undeveloped as
the standard correlations do not model the HCF geometry specific heat transfer to the
fluid. Direct Numerical Simulation (DNS) could be performed to develop a better heat
transfer model for the HCF rods with the heat generation boundary condition.
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Appendix A Neutronics Supplemental Analysis
The purpose of the analysis in this section is to further inform the reader about the
different neutronic packages available in this work and supplement the information presented in
Section 2.3.
Tools
The deterministic codes CASMO4E, NEWT and DRAGON and Monte Carlo codes
MCNP5/X , KENO and SERPENT are used in this work for initial benchmarking and their
usefulness. The high order SN code PARTISN is used on a limited basis.
Crosssection Libraries
The most recent crosssection library, Endf7, is used as a basis to compare other libraries.
This comparison is done using the SCALE code package, as the neutron library switch in
SCALE is by far easier compared to all the mentioned codes. The Keno module that can handle
both continuous (KENOVI) and multigroup (KENOVI) libraries are used for this analysis. The
result of this sensitivity study and the geometry used to perform this study is shown in Figure A-
1.
Endf7 vs. Endf6: 
-357 pcm
Endf7 vs. Endf5: -640 pcm
EnF7 vs. 238GEndf7: -263 pcm
Endf7 vs. 44GEndf7: -921 pcm
Endf7 vs. 19GEndf7:-1114 pcm
Figure A-i The cross section library impact an calculated kmf of a BWR type assembly.
As shown, Endf7 continuous library shows higher kf relative to older libraries. It is also
shown that the SCALE Endf7 238 Group library used for all the deterministic transport
calculation does not fully capture the spectrum of a typical BWR and its use should be done with
care. This is very disappointing finding considering the NRC relies on SCALE transport solvers
to perform BWR analysis. Furthermore, the other library group structures perform worse. It is
noted that the SERPENT code does not show the same sensitivity as the SERPENT code by
mistakes uses some Endf7 data even if other libraries are specified as shown in Table A-2.
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Code to Code Comparison
The MCNP5 model of Figure A-I was developed and used to compare MCNP to KENO,
NEWT and CASMO4. CASMO4 only uses Endf6 cross section libraries. Therefore, Endf6
libraries were chosen for both codes. The following results were obtained:
* MCNP5 vs CASMO4 Without CR
" MCNP5 vs CASMO4 With CR
e MCNP5 vs KENOVI Without CR
e MCNP5 vs KENOV Without CR






As listed, even with all the mentioned assumptions in CASMO4 in Section 2.3, CASMO4
outperforms the SCALE package both in terms of accuracy and speed. The correctness of
modeling the geometry and material composition is shown by close agreement of MCNP5 and
KENOVI Monte Carlo codes using the same continuous cross section libraries. It is also shown
that, typically, the differences in kf diminishes in a presence of absorbing media.
In order to properly validate the use of a code for neutronic purposes, an extensive
benchmarking effort was carried out. For the base case, the Table A-I pin in a typical pincell
geometry was modeled with multiple neutronics codes.
Table A-I Description of the pin in pincell for benchmarking.
Studies of pin benchmarking as function of water density, cladding material, P/D and fuel
temperatures were performed to compare the trends of different codes. The effect of water
density is shown in Figure A-2.
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Pitch Fuel Radius Clad Radius
1.431 0.4775 0.5588
Water Temp Fuel Temp Clad Temp
600 K 900 K 600 K
Water Density Fuel Density Clad Density











0 200 400 600 800 1000 1200
Density of Water (kg/m3)
Figure A-2 The Kinfinity for CASMO, NEWT and MCNP as the fucntion of moderator density
As seen, the effect of water density is small but not trivial when it comes to comparting
different codes and methods of calculation. However, the differences become much smaller in
the design domain of 200 to 600 kg/m3 for a typical BWR operating condition.
Figure A-3 shows the pin performance as a function of burnup. Due to large computation
time by MCNP, the burnup was limited to 15(MWd/Mt). The CASMO4E model start lower than
the others but overtime it converges to MCNP5. While the NEWT and KENOVI models are
very close to one another. The KENOVI uses the monte carlo package in SCALE to do transport
calculation, however, it is coupled to the SCALE's 238 group library and it is not continous









0 5 10 15
Burnup (MWd/Mt)
Figure A-3 The effect of burnup for 4 different neutronic codes for a pincell.
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Table A-2 summarizes all the pcm comparisons for a pincell level eigenvalue calculation
for zero bunrup. The three Monte Carlo codes with continous energy for ENDF7 (KENO-C,
MCNP5, SERPENT) all agree within the statistical uncertainty. When it comes to CASMO4
which is the older version of CASMO4E, there is 300 or so pcm difference. The difference
between the 2 group old CASMO4, and 2 group CASMO4E is due to the fact that the old one
gave two group eigenvalue for complete reflective condition by default. However, the newer
version acounts for leakage effects when the 2 group kinfinity and cross sections are created by
default. Judging at first glance it seems that the DRAGON code is the best detirministic code,
which uses 172 group structure for this analysis. Though, the current version of DRAGON is
limited in terms of geometeric modeling.






CASMO4 JEFF 2G -362
CASMO4e ENDF6 -640






The assumption here is that the continous Monte Carlo is the golden standard. Well, that
is not true, as neither MCNP nor SERPENT (to some extent) models resonant upscattering and
the binding effects of uranium to oxygen which CASMO4E models as mentioned in section 2.3.
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These upscattering and binding models acount for about 300 pcm of the difference. There is also
aboout 350 pcm difference between ENDF6 and ENDF7, according to MCNP and NEWT
analysis. Therefore, the answer from MCNP5 or CASMO4E has the same relative accuracy.
The reference GEl 1 assembly shown in Figure A-I provides calculation challenges due
to the presence of gadolinium rods, water rods, outer assembly water gap, core box and assembly
bypass region. The presence of a control rod on a corner of an assembly presence extra
complications. Table A-3 shows the pin power distribution of MCNP5, obtained from the mesh
tallies over the assembly (<1% uncertainty) compared to CASMO and NEWT codes. The
agreement in general is very good, except for CASMO, in that case where power in gadolinium
pins is off by as much as 15%. CASMO4E is known as being very robust in modeling
gadolinium pins as in case of the MCNP5 model the gadolinia was homogenized over a cell.
This effect requires further attention and investigation as CASMO4E's modeling accounts for
such effects as gamma deposition and other models. The case with a control rod next to the
assembly was also analyzed and similar agreements were observed. For validation on core level,
there haven't been any benchmarks performed yet.
Table A-3. The comparison of MCNP5 to NEWT and CASMO (% error)
MCNP5 Power distribution (kinf= 1.017253)
0.483 0.575 0.632 0.590 0.603 0.588 0.629 0.573 0.483
0.575 0.640 0.625 0.243 0.644 0.242 0.619 0.637 0.573
0.630 0.626 0.246 0.783 0.850 0.717 0.243 0.619 0.629
0.588 0.243 0.783 0.000 0.000 1.001 0.716 0.242 0.587
0.603 0.645 0.850 0.000 0.000 0.000 0.849 0.645 0.603
0.588 0.242 0.715 1.000 0.000 0.000 0.783 0.243 0.589
0.627 0.617 0.243 0.717 0.849 0.782 0.246 0.625 0.632
0.573 0.637 0.619 0.242 0.644 0.244 0.625 0.640 0.575
0.483 0.573 0.628 0.588 0.602 0.589 0.631 0.575 0.484
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NEWT (kinf 1.016194)
0.51 0.59 0.64 0.61 0.62 0.61 0.65 0.59 0.51
0.59 0.65 0.64 0.28 0.66 0.28 0.64 0.66 0.59
0.64 0.64 0.28 0.73 0.86 0.79 0.28 0.64 0.65
0.61 0.28 0.73 0.00 0.00 0.1 0.79 0.28 0.61
0.62 0.66 0.86 0.00 0.00 0.00 0.86 0.66 0.62
0.61 0.28 0.79 0.00 0.00 0.00 0.73 0.28 0.61
0.65 0.64 0.28 0.79 0.86 0.73 0.28 0.64 0.64
0.59 0.66 0.64 0.28 0.66 0.28 0.64 0.65 0.59
0.51 0.59 0.65 0.61 0.62 0.61 0.64 0.59 0.51
CASMO4E (kinf= 1.01538)
-4.9 -2.8 -1.8 -3.0 -2.9 -3.5 -2.7 -3.6 -5.1
-2.9 -2.0 -1.9 -13.4 -2.4 -14.7 -4.2 -3.0 -3.6
-2.1 -1.9 -14.0 -1.1 -0.6 -1.6 -15.8 -4.2 -2.7
-3.3 -13.4 -1.1 0.0 0.0 0.1 -1.7 -14.6 -3.6
-2.9 -2.2 -0.6 0.0 0.0 0.0 -0.7 -2.3 -2.8
-3.5 -14.9 -1.9 0.0 0.0 0.0 -1.2 -13.7 -3.1
-2.9 -4.4 -14.5 -1.6 -0.7 -1.3 -14.0 -1.9 -1.7
-3.7 -3.0 -4.2 -14.7 -2.4 -13.5 -1.9 -2.0 -3.0
-5.3 -3.7 -2.8 -3.4 -3.0 -3.1 -1.9 -3.0 -4.6
For future work, it is recommended to compare the cross section generated from
DRAGON, SERPENT and NEWT to CASMO for different operating conditons, in order to
make certain, the proposed design is not outside the validity of the codes used, as full core Monte
Carlo is still impractical.
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A sensitivity study was done on an assembly level to quantify the reactivity changes due
to geometry changes in a BWR assembly. The density, pitch, cladding diameter, fuel
temperature, outer water gap, box and bypass flow region were varied and analyzed as a function
of burnup to measure the sensitivity of different variables to be used in a future overall
uncertainty model. There are two significant non-trivial points that are needed to be made.
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Figure A-4 Effect of 0.2 cm outer water gap on 9x9 fuel vs moderator void and burnup.
As seen from Figure A-4 the very small outer water gap becomes important (2,300 pcm) not only
in terms of reactivity but also for peaking factors. In terms of CPR, fuel temperatures and other
thermal hydraulic and fuel performance parameters, this is irrelevant.
The second point is illustrated in Figure A-5 which is the model of 9 x 9 and 16 x 16 array of
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Figure A-5 Modeling of bypass (0.75 cm) flow rate as a function of size of the assembly.
It is shown that a large reactivity difference exists when the bypass region is considered,
especially for higher voids, that increasing the size of the assembly has by keeping the same
bypass region for control rods to move into, leads to a larger effect. This causes the higher void
assembly to reach sub criticality 10 MWd/kg earlier.
Dancoff Factor Challenge
A difference between CASMO and TRITON is that CASMO outputs Dancoff factors
ranging from 0.8-0.6, while Triton outputs the same Dancoff factor for each pincell in the
bundle. This problem has been realized in SCALE development team and is solved through
running the Keno code to calculate what pin sees in the surrounding through KENO's Monte
Carlo techniques. This feature is yet to be automated or validated and is more important in
presence of control rods and water rods. As seen in Figure A-6, near water rods and control
rods, the Dancoff factor is lower as expected, since the neutrons are more "visually challenged"
in those areas. The assembly global discretization in NEWT were those Dancoff factors are
based is also shown in Figure A-6. It is noted that the recommended settings for the size of mesh
in SCALE do not result into fully converged solution but result in an eigenvalue that is closer to
KENO continuous energy eigenvalue.
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0.798 0.715 0.715 0.715 0.715 0.803
0.71 0.629 0.684 0.684 0.629 0.715
0.71 0.684 --- --- 0.684 0.715
0.71 0.684 -- -- 0.684 0.715
0.71 0.629 0.684 0.684 0.629 0.715
0.794 0.71 0.71 0.71 0.71 0.798
Figure A-6 Casmo4 Dancoff factors for a equivalent assembly modeled in Figure A-I with
Control Rod on the bottom left corner.
Branch Cases Limitation
In BWRs, typically a control rod sequence exchange is performed regularly. In the
exchange, an inserted control rod that has been near the axial level of a fuel bundle for a period
of time is withdrawn and uncovered axial level operates at higher neutron fluxes. There are
infinite possibilities of this type of exchange and in order to have proper cross sections, a 2 D
calculation with unrodded and rodded cases is performed. Then, when such exchange takes
place in the simulation, at specified burnup points, the absorbent in the 2-D model is removed
and the cross sections and interaction rates are recorded. When the sequence is simulated, the
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code interpolates between the given cross-section values and estimates what the corresponding
fuel rod section that was affected by the control rod sequence exchange. 2 This methodology is
similar to what is shown in Figure A-7 for better understanding. Furthermore, at some range of
void fractions these instantaneous branch cases are performed to approximate the system flux
without having to run and bum the 2D lattic at very detailed void fractions. The same treatment
is performed for fuel temperatures in BWR cores.
With rod
With rod







Figure A-7. The branch case problem as seen in reality and as it is simulated by codes.
In order to see if there is a possible limitation to this approach of cross section generation,
a simple case and geometry, as seen in Figure A-8, is analyzed.
Figure A-8 The simplified geometry used for rod insertion and void fraction branch cases.
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Ro in
The analyzed geometry consists of a pin and small absorber region in the pincell lattice.
The traditional branch cases are performed and the actual rod exchange is also performed by
restarting a TRITON run, after the rod is withdrawn. Each section of the history was 150 days
long and homogenized three group cross sections were observed at the end for comparison
purposes.
The eigenvalue change as a function of bumup is seen in Figure A-9. As shown, some
kind of interpolation can be used to predict the new k of the this region to calculate proper flux
ratios. Furthermore, the xenon density is also between the two cases as seen also in Figure A-9.
Lastly, the three group cross sections, not accounting for Xe and Sm, for all the cases after the
300 day time interval remained within 0.2%, showing insensitivity. Therefore, for this specific
case, it seems that proper interpolation can be successful. As seen in Figure A-9, for Xe density,
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Figure A-9 The Eigenvalues for Figure A-7 cases (top) and the xenon density left in the fuel after
300 days of burnup (6.5 MWd/Mtu) for all the cases (bottom).
As mentioned before, branch cases have also been run for void fraction change density;
therefore double interpolation is required in that case. It is seen that the values for xenon did not
lie between the two bounds, and this could introduce errors for generated branched void fraction
cross section in case of double interpolation. Given that nodal codes typically recalculate the
equilibrium Xe concentration, this effect may not produce significant errors.
1.4
-*-Reference






















Figure A-10 The Eigenvalues for Figure A-7 cases (top) and the xenon density left in the fuel
after 300 days of burnup (6.5 MWd/Mtu) for all the cases (bottom) using branched void fraction
cross sections.
Zirc-91 Crosssection Treatment
For a single pincell with code specific Zirc2 cladding with 0.75 g/cm^3 water density, the
NEWT using 238 ENDF7 multigroup library, CASMO using 70 group ENDF6, MCNP5 and
KENOVI using ENDF7 continuous energy with 10,000 and 500 cycles, agree on kmf within less
than 500 pcm. However, if Zirc-91 is used, the CASMO results differ from MCNP5, 1200 to
2800 PCM, while NEWT differs from 600 to 1200. This is a result of using multigroup pre
processed crosssections for CASMO and NEWT. CASMO zirc-91 cross section clearly doesn't
model the spectrum accurately which results in gross miscalculations. In fact the change from
Zirc-91 to Zirc-2 in this geometry results in a different of kir by 3700 pcm.
In Figure A- 11, the cross section behavior of Zirc-91 one of the isotopes present in the
Zirc-2 and Zirc-4 cladding is shown. Some high resonances in the keV range for this particular
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Figure A- I1 Zir-91 Total Cross section
Therefore, it is very important for all users of deterministic codes using multi-group
cross-sections to examine the preprocessed cross sections to fuel if individual isotopes are used,
otherwise gross errors in calculation could take place.
TRITON Weight Option
Within the TRITON package, there is an automatic three group cross section collapse
based on thr average flux, which is the way the isotopes are depleted. TRITON default follows
66 heavy nuclides for burnup purposes. No nuclide, 16 nuclides or 232 nuclides can also be
added to the burnup inventory if it is desired. There is also a "Weight Option" which uses the
average flux of the system to collapse cross sections. This option was often used in SCALE
inputs; however, it was found that this is very poor approximation, though it accelerates the
speed by factor of 10-15. The geometry described in Figure A-I of the appendix was also
modeled with different NEWT and TRITON options.
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Figure A-12 Comparison of different codes for reference assembly in Figure A-1.
Figure A-12 shows the poor approximation of the 'Weight" option in NEWT as discussed
above. This effect was also observed for cases were cross sections were homogenized. For
Figure A-3 , the calculations were done without the weight option turned on, even though it is
used frequently in SCALE package examples. The AnO and An2 refer to 0 nuclides added from
the original burnable material definition card and 89 nuclides added from the original burnable
material definition card in the TRITON module. As for short term burnups, this card doesn't
have significant effects on final results, but it provides speed up of the process by a factor of 10-
15.
Effects of Water Rods on Spectrum
In this section, first the Figure A-I equivalent geometery with no control rod is modeled
in MCNP and its corresponding flux spectrums are ploted. Figure A-13 shows the comparison of
having the water density of 0.75 g/cm 3 (realistic) in the large central water rod to having the
water desity of 0.5 g/cm3 . The higher density keff was 0.86791 while the lower one was
0.86114. While it is hard to see from Figure A-13, the thermal flux increased by 10% while the
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Figure A-13 The MCNP5 Figure A-lnormalized spatial spectrum without the presence of a
cruciform rod for thermal (top), resonance (middle) and fast (bottom) flux between high water
rod coolant density (right) and low water rod coolant density (left).
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p = 0.75 g/cm3
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The second part of this section investigates the effect of heterogeneity change of the
water rod geometry and its effect on spectrum. For this case a GE 9 type assembly is modeled
with one having a large central region of water rods and the other more spread out. As seen
Figure 6, the spread out option has more uniform flux distribution for thermal (<0.5 eV) and fast
(> 1 MeV), which results into ke of 200 pcm higher.
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Figure A- 14 The MCNP5 spatial spectrum without the presence of a cruciform rod for total flux
(top), thermal (middle) and fast (bottom) flux between two different assembly water rod
placements.
In conclusion, as seen in Figure A-13 and especially A-14, there is of non-uniform
behavior in the spectrum when the density and heterogeneity of the water rods in the assembly is
changed which provides a challenge for lattice physics codes to capture these non uniformities,
especially when pin average data is usually calculated and supplied. This could rise into
unpredictable fuel performance behavior if proper resolution of fast fluence is not taken into
account.
Partial Length Rods
The model of 3x4 pincell was created in PARTISN. A partial length rod was placed in
second row in the middle column of a 3x4 pincell homogenized bundle design. The different
radial places such as the pin next to the partial length rod (NearWR), the Pin farthest from the
partial length rod (FarWR), the partial length rod itself (InWR) and a case with no partial length
rod (NoWR), were ran in PARTISN to capture the 3D effects, which nodal diffusion can not
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Figure A-15 The relative axial power (top) and total interaction rate (bottom) of the presence of a
partial length rod in 2x3 3d model of a bundle with axially homoginized pincell crosssections.
As seen in Figure A-15, the InWR has zero power generated at which the fuel region of
the partial length rod ends, but there is still plenty of neutron interaction is taking place as if
there is a fuel rod. In fact there is 20% more fast flux in there due to the fact that the higher
voided fuel region is toward 0 m and consequently fast flux is higher. The overall Figure A-15
results show insensitivities of the spectrum to 3D effects introduced by the presence of the partial
length rod. Falak shah
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Appendix B Thermal Hydraulic Correlations
VOID FRACTINO CORRELA TIONS
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V,; Effective Drift velocity [m/s]
j Superficial Velocity [m/s]
Re Reynolds number (G Dh/I)
G Mass Flux [kg/m 2-s]
g Gravitational acceleration [m/s 2]
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P pressure [Pa]
Peri Critical Pressure (22.03e6 Pa for water) [Pa]
x Flow Quality
Dh Hydraulic Diameter [m]
p Density [kg/m 3]





RELAP5 vs. Chexal-Lelloouche correlation benchmark
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The above two figures conclude that the void fraction in RELAP5 is indeed matches what
the manual reports. The reason for the check is that the RELAP5 output file outputs two
parameters that are peculiar: the static quality tends to be off by 1 or 2% and the flow regime in a
BWR core is slug flow instead of annular. As stated in the RELAP5 manual, if the flow regime
map equations are solved as given, the flow should characterized as annular, however, the
output contradicts, this is not the first time RELAP5 does not follow what the manual lists.
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CPR CORRELATIONS









F =.006 -. 0157(P -800) 0 7 14 (P 800 2
p 1000 1000
fi =-98fi2 = 1.03 f, 3 = fi f4 =fi2
f1i =1.08fj2 =.92 fj3 =.79fj 4 = fji
11 = (2.5f, +.25(fi +fA 2 +fA3+ f,4)+0.125(fjl +fj2 +fj3 +fj4))4





G, = 3375(1- )3
PC




IFG > G, Then a = C
( G)31000
b=.199(PC -1 GDe'4














Xcr = ( Lb NR5 '
Dh Lb + B'
Modified ARAI Correlation
b=2.616e -7
P = P1x10- 5 bar




B = bGm De"hjg
h
Xcr = De Lb ) 5
Dh Lb +B
Nomenclature
G Mass Flux [kg/m2-s]
P pressure [Pa]
Pc Critical Pressure (22.03e6 Pa for water) [Pa]
Xcr Critical Flow Quality
De Hydraulic Diameter [in]
Dh Heated Equivalent Diameter [m]
hfg Enthalpy of phase change
fp Local Pin Peaking Factor
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Appendix C RELAP5 MODELING
RELAP5 vs. SIMULATE
Table C-I outlines the differences between in BWR-HD and ABWR RELAP5 and
SIMULATE models. The reason for these differences were discussed in chapter 3 and 4.
Table C-1 The RELAP5 and SIMULATE3 models for the ABWR and HPD-BWR.
Reactor Types ABWR BWR-HD
Parameters SIMULATE3 RELAP5 SIMULATE3 RELAP5
Core Power Level (MWth) 3926 3958 4996 5000
Core Total Flow Rate (kg/sec) 14490 14538 14133 14151
Bypass Flow Rate (kg/sec) 2054 2036 1797 1874
Core Exit Pressure (kPa) 7.23 7.15 7.22 7.25
Core Inlet Temperature (*K) 552 552 549 548
Upper Plenum Outlet Quality (%) 15 16.5 19.6 19.2
Core Exit Flow Quality (%) -- 17.5 -- 22.5
Core Exit Static Quality (%) 13.5 11.2 14.5 14
Core Exit Void fraction (%) 75 71 77 76
Bypass Exit Flow Quality (%) -0.95 -2.136 -1.32 -2.3
Core Average Void Fraction (%) 44 43 45 48
It is also inferred from Table C-I that the heat transfer between the bypass flow and the
core flow rate is underestimated in RELAP5.
BWR-HD Safety Analysis in BWR/4
While the normal operation of BWR-HD has shown satisfactory results we must still
examine the safety performance of the BWR-HD core design under transient conditions for a
BWR/4 type. For this purpose the BWR-HD is called the Kompact BWR (KBWR). The
following four cases have been analyzed for the KBWR core.
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. Generator load rejection without bypass
. Design basis large break LOCA (DB-LOCA)
. Recirculation pump seizure
While the above listed cases do not cover all BWR accidents, this should cover the issues
specifically challenging to the KBWR design. The generator load rejection without bypass is
known to be the most limiting transient for BWR licensing. The design basis LOCA is the
limiting accident as far as loosing the mass to the containment. The last one, the recirculation
pump seizure is what is expected to be worse for the KBWR design. The Hitachi RBWR team
has shown that the RBWR performs better for the first two transients in addition to feedwater
malfunction and heater transients compared to the ABWR design. This is mostly due to shorter
core and less negative void coefficient. However, by far the worst transient for the RBWR
reactor is the loss of recirculation as the mass and volume of water in the core is significantly
less than a typical ABWR. The same could be said for the KBWR compared to the reference
BWR design to a lesser extent.
The Relap5-3D was used as the tool to analyze the above three scenarios. The RELAP5
BWR model has been benchmarked previously vs. Browns Ferry Unit 1 Final Safety Analysis
Report. The benchmarking included all of the three above cases. The version of RELAP5 used
in this study is a later version than the benchmarked code. Therefore, some results have been
different, however, the purpose of this preliminary study is to identify the performance of the
KBWR design compared to the reference. The Browns Ferry RELAP model was upgraded in
core structures, power and control system to be able to handle KBWR conditions. The
comparison of the browns ferry and KBWR RELAP model steady state results is shown in Table
C-2. The difference between the KBWR within a BWR/4 RPV compare to that was presented in
Chapter 4 should be noted.
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Table C-2 The RELAP5 steady state results for the three BWR designs.
Parameters Ref. core LASP core KBWR
(9x9 fuel) (22x22) (16x16)
Reactor thermal power (MW) 3323 3988 3958
Core flow rate (kg/s) 13700 16400 11698
System pressure (MPa) 7.1 7.1 7.2
Core inlet temperature (0C) 278.3 278.3 278.3
Core Exit Quality (%) 13.1 13.1 20
Feedwater flow rate (kg/s) 1856 2227 1954
RPV inner diameter (m) 6.4 6.4 6.4
Number of fuel assemblies 764 191 748
Core power density (kW/1) 50.5 60.6 90
Fuel rod OD (mm) 11.2 9.6 7
Fuel rod pitch (mm) 14.3 13.1 9
Active fuel rod height (m) 3.71 3.71 2
Part length rod height (m) 2.44 2.44 --
Number of full length fuel rods 66 372 224
Number of part length rods 8 12 0
Number of water rods 2 25 9
Water rod OD (mm) 24.9 27.2 24.9
Assembly inner dimension (mm) 132.5 289.7 144
Average linear power (kW/m) 16.5 14.8 11.715
MCHFR (fresh assembly) 1.23 1.23 1.25
MCHFR (once burned assembly) 1.35 1.35 --
Ave. discharge burnup (GWd/t) 56 50 56
Void coefficient (cents/% void) -8.88 -11.1 -7.992
Fuel temperature coef. (cents/oC) -0.391 -0.527 -0.4
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It can be predicted from the conditions listed in Table C-2 that for the reactivity initiated
or dominated accidents that challenged the LASP core, the KBWR will perform better. The
opposit is expected to be true as well. Though, the shorter core of KBWR allows for faster
SCRAM times compared to the reference and LASP designs. Even with the weaker void
coefficient, the higher fuel density of the KBWR assembly allows the more negative fuel
temperature coefficient to play a bigger role in the transients, in addition to faster SCRAM times.
The reference VIPRE GE9 and KBWR assembly models are used to calculate the CPR using the
already shown conservative EPRI correlation in section 2.4 at 105% nominal power.
In the generator load rejection without bypass transient, the turbine valve is suddenly
closed and causes fast increase in reactor pressure, which then will collapse the voids in the core.
Since the void coefficient is negative, this will cause a rise in reactivity which results in very
high power levels. It was shown that while the LASP core's more negative void coefficient will
increase the power more, the increase in the steam velocity due to the uprated core causes a large
increase in power resulting in unsatisfactory behavior. Though, Figure C-la shows slower
increase in power both due to smaller void coefficient, more negative fuel coefficient and smaller
volume of water in the core. Furthermore, Figure C-lb shows that the rise in system pressure is






































Figure C-I The generator load rejection without bypass transient core total power (a) and system
pressure (b).
If Figure C-I is compared to FSAR and previous studies, it shows that the peak power for
the reference model only reaches 150% of initial value. The benchmark model is predicted to
reach 210% of initial power using the old RELAP version not available now and the current
RELAP version shows much lower peak. However, this should be fine as the KBWR shows it
would behave better than the reference core even if the peak was higher as far as the general
reactor parameters. Figure C-2 shows the MCHFR of the KBWR and reference assembly as
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Figure C-2 The MCHFR of KBWR and reference core during generator load rejection without
bypass transient.
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As seen above in Figure C-2, while the magnitude of the CHF in KBWR reaches 0.98,
what is important is the change in CPR in when KBWR has similar change. It has been long
established that the EPRI correlation is conservative, and part of current work as section 2.4
showed is to improve the ability to predict critical power in KBWR. The effect of increasing the
steam flow area and its effect on CPR will should be investigated.
The RELAP model has lumped all the recirculation lines into two recirculation lines.
Since Browns Ferry is a BWR/4, the design basis LOCA is breaking one of the recirculation
lines. Once the break takes place, the system pressure starts to decrease rapidly and the vessel
will go through blowdown where the water starts flashing, thus decreasing core power. The
signal is transmitted through the RELAP control system for SCRAMing of the core. There is a 1
second delay in the SCRAM initiation signal. It is noted that the newer design reactors such as
ABWR, do not have to worry about such accident as the core is designed to remain covered.
Therefore, if the KBWR core performs well in this accident, one would be encouraged to believe
it will also perform very good with ABWR safety systems.
Once the core flashing occurs, the refill stage starts and low pressure cooling injection is
activated and floods the core and causes the quenching of the fuel rods. Perhaps the most
important plot in any LOCA analysis is the behavior of Peak Clad Temperature (PCT) during the
accident as failure of cladding is considered unacceptable. Figure C-3a shows the plot of PCT for
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Figure C-3 The DB-LOCA, peak cladding temperature for reference and KBWR core designs.
Figure C-3 shows that the blow down section continues 40 seconds after the initiation of the
accident, compare to 10 seconds for the reference case. This is most likely due to the face that
there is more water above the 2 m core of KBWR compare to the 3.66 m core of the reference
design. While the KBWR has higher power, the number of pins is larger than the reference case,
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so that the smaller linear power compensates for smaller rod diameter and the steady state pin
temperature are the same. Figure C-4 shows the reactor performance during DB-LOCA for
KBWR and the reference core designs.
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-KBWR

























































Figure C-4 The design basis LOCA system pressure (a), flow rate at the break (b), flow rate at
steam line (c) and core power (d).
For the recirculation pump seizure accident, one of the two pumps in the recirculation
lines will stop working and core mass flow rate will decrease to 50% of its value. No SCRAM is
assumed. Therefore, the ability of the core to bring down itself in power depends on its neutronic
properties within the 10 seconds of the accident. While the power decreases slightly less, due to
lower void reactivity, the effects of mass flow rate, temperature and pressure are the same across
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Figure C-5 The pump seizure MCHFR.
Figure C-5 shows that, while the KBWR stays above MCHFR of 1.0, the sensitivity to
reducing the mass flux is comparable to the reference case. However, the MCHFR decreases
during the second half of the transient right before the SCRAM. For the reference case, the
MCHFR decreases and then mostly increases toward the end of the transient. This is due to the
behavior of EPRI correlation at these conditions for the two designs. Therefore, it seems that at
the conditions the KBWR does not present the same adverse behavior as the RBWR has shown
for the pump seizure transient. This is due to the fact that the KBWR is at the outlet quality of
20% compared to 45%, in the square compared to hex lattice configuration, the core height is 2
m compared to 1 m and the void reactivity is higher than the RBWR design. However, further
investigation of the assumptions in the models and conditions applied for the pump seizure
accident should be undertaken.
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FUE 5 10.2 /4.20 64016=7.0
FUE 6 10.2 /4.20 64016=8.0
FUE 7 10.2 /4.95 64016=8.0
SPA 6.0 / 750=14.0 302=86.0
BWR 10 1.295 13.336 0.25 .743 .743 1.3/0.25 * Channel with thick corners
PIN 1 0.438 0.453 0.513 * Fuel rod
PIN 2 0.513 /'COO' * Empty rod position
PIN 3 1.1685 1.2445/'MOD''BOX'//4 * Large water rod
CRC 5.6651, 18.E-6 / 347=95.92, 1001=0.46, 8000=3.62 * Composition of the absorber
zone
CRD .379 .879 .5 11.37 .239 .758 /
'CRA', 'CRC' //'CRD' 'ROD'
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TIT * KS16 FUEL BUNDLE
***** STATE PO1NT PARAMETERS *
TFU=813.6 TMO=560
SIM 'KS16-ASS9'
***** OPERATING PARAMETERS *
PDE 83.0 'KWL'
***** MATERIAL COMPOSITIONS *****




FUE 5 10.2 /4.8 64016=7.0
FUE 6 10.2 /4.2 64016=6.0




















***** GEOMETRY SPECIFICATION *****
BWR 16 .9 14.8 0.2 0.94 0.94 1.3 1/0.2 0. 2.54
SPA 6.0 / 750=14.0 302=86.0
PIN 1 0.3017 0.30775 0.350 * Fuel rod
PIN 2 .80 .85 /'MOD''BOX'//4.0 * Water rod
PIN 3 .83 .88 /'MOD''BOX'//4.0 * Water rod* PART
CRC 5.6651, 18.E-6 / 347=95.92, 1001=0.46, 8000=3.62 * Composition of the absorber
zone
CRD .565 0 2.065 13.7 .425 .978 /






















Bwr solid fuel *vipre.2
*














































































































































prop,0,1,2,1 *internal EPRI functions *prop.1
*
*





* *rods4 first axial profile (for FLFRs)
0.0,0.0, 3.04,0.382, 9.12,0.694, 15.21,0.935,
21.29,1.2, 27.37,1.50, 33.45,1.7, 39.54,1.5,
45.62,1.418, 51.70,1.38, 57.78,1.37, 63.87,1.367,
69.95,1.287, 76.03,1.166, 82.11,1.066, 88.20,1.015,
94.28,0.975, 100.36,0.945, 106.44,0.975, 112.53,0.965,
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1 ,nucl,0.40394,0.34488, 12,0.0,0.025 *rods.62
0,0,0,0,0,1056.66,0.955,0, *rods 63













oper,1,1,0,1,0,0,0,0,0, *oper.1 /flow is specified
-1.0,0.0,2.0,0, *oper.2 *first word to be changed if you
change BC
0 *oper.3 *only if first w above is not 0.0
1035.0,533.0,31.9758,71.3365,0.0
*
*Rod power got from total power divided total number of rods












0.15139,-0.18,0,94.0485,-1 ,0, *drag2 (Cheng&Todreas coeff for bundles)
0.5,0.562, *drag5
















axlv, 1, 1, 1 *axlv.1

















































































0* terminates input for axlv.2-4

































0* terminates input for axlv.2-4
*cont,











*Kl6by16 BWR with 3 water rods with Hench-Gillis (1/4 symmetric)
1,0,0,-1,0 *vipre.1
Bwr solid fuel *vipre.2
*





























































































prop,0,1,2,1 *internal EPRI functions *prop.1
*
*





* *rods4 first axial profile (for FLFRs)
0.0,0.0, 1.0,0.382, 4.0,0.694, 9.0,0.935,
13.0,1.106, 17.0,1.216, 21.0,1.307, 25.0,1.478,
29.0,1.518, 33.0,1.498, 37.,1.448, 41.0,1.367,
45.0,1.287, 49.,1.166, 53.2,1.066, 56.8,1.015,
60.4,0.975, 64.0,0.945, 67.8,0.975, 71.4,0.965,















































































40,0.1471,41,0.1029,42,0.1471, *Water rod (ext)
*-57,2,0.0,1,99,1.0, *Water rod (int)
57,2,0.0,1,38,0.1471,39,0.1029,40,0.1471,47,0.1029,48,0.1029,?
55,0.1471,56,0.1029,57,0.1471, *Water rod (ext)






















































































1 ,nucl,0.2756,0.23 76,12,0.0,0.01663 *rods.62
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0,0,0,0,0,1056.66,0.955,0, *rods 63













oper,1,1,0,1,0,0,0,0,0, *oper. 1 /flow is specified
-1.0,0.0,2.0,0, *oper.2 *first word to be changed if you
change BC
0 *oper.3 *only if first w above is not 0.0
1035.0,526.64,7.7945,37.37,0.0
*
*Rod power got from total power divided total number of rods
0, *no forcing functions *oper.12










** ****** ** *** ********* *** ********************** ***** ****** * ***
drag,1,0,1, *dragl















axlv, 1, 1, 1 *axlv.1


















































0* terminates input for axlv.2-4
endd
*




% ANNEAL Minimizes a function with the method of simulated annealing
% (Kirkpatrick et al., 1983)
% ANNEAL takes three input parameters, in this order:
% LOSS is a function handle (anonymous function or inline) with a loss
% function, which may be of any type, and needn't be continuous. It does,
% however, need to return a single value.
% PARENT is a vector with initial guess parameters. You must input an
% initial guess.
% OPTIONS is a structure with settings for the simulated annealing. If no
% OPTIONS structure is provided, ANNEAL uses a default structure. OPTIONS
% can contain any or all of the following fields (missing fields are
% filled with default values):
Ma
erbosity: Controls output to the screen.
o suppresses all output
1 gives final report only [default!
2 gives temperature changes and final report
enerator: Generates a new solution from an old one.
Any function handle that takes a solution as input and
gives a valid solution (i.e. some point in the solution
space) as output.
The default function generates a row vector which
slightly differs from the input vector in one element:
@(x) (x+(randperm(length(x))==lenath(x))*randn/100)
Other examples of possible solution generators:
@(x) (rand(3,1)'): Picks a random point in the unit cube
@(x) (ceil(9 .*rand(2,1))): Picks a point in a 9-by-5
discrete grid
Note that if you use the default generator, ANNEAL only
works on row vectors. For loss functions that operate on
column vectors, use this generator instead of the
default:
(x) (x(:)'+(randperm length(x))==l_1ength(x))*randn/ 100)'1
InitTemp: The initial temperature, can be any positive number.
Default is 1.
StopTemp: Temperature at which to stop, can be any positive number
smaller than InitTemp.
Default is le-8.
StopVal: Value at which to stop immediately, can be any output of
LOSS that is sufficiently low for you.
Default is -Inf.
oolSched: Generates a new temperature from the previous one.
Any function handle that takes a scalar as input and
returns a smaller but positive scalar as output.
Default is @(T) (.8*T)










Maximum number of tries within one temperature, can be
any positive numer.
Default is 300.
Maximum number of successes within one temperature, can
be any positive number.
Default is 20.
Usage:
MINIMUM,FVAL] = ANNEAL (LOSS,NEWSOL, [OPTIONS]);
MINIMUM is the solution which generated the smallest encountered
value when input into LOSS.
FVAL is the value of the LOSS function evaluated at MINIMUM.
OPTIONS = ANNEAL();
OPTIONS is the default options structure.
%
% Reference:
% Kirkpatrick, S., Gelatt, C.D., & Vecchi, M.P. (1983). Optimization by
% Simulated Annealing. _Science, 220_, 671-680.
% joachim.vandekerckhove@psy. kuleuven.be












if -nargin %user wants default options, give it and stop
minimum = def;
return
elseif nargin<2, %user gave only objective function, throw error
error('MATLAB:anneal:noParent','You need to input a first guess.');
elseif nargin<3, %user cave no options structure, use default
options=def;
else %user gave all input, check if options structure Is complete
if -isstruct(options)
error('MAT LAB:anneal:badOptions',...
'Input argument ''options'' is not a structure')
end
fs = {'CoolSched','Generator', 'InitTemp','MaxConsRej',
'MaxSuccess','MaxTries', 'StopTemp','StopVal','Verbosity'};
for nm=1:length(fs)





newsol = options.Generator; % neighborhood space function
Tinit = options.InitTemp; % initial temp
minT = options.StopTemp; % stopping temp
cool = options.CoolSched; % annealing schedule
minF = options.StopVal;














if report==2, fprintf(l,'\n T = %7.5f, loss = %10.5f\n',T,oldenergy); end
while ~finished;
itry = itry+l; % just an iteration counter
current = parent;
% % Stop / decrement T criter- a
if itry >= maxtry 1| success >= max success;
if T < minT | consec >= max consecrejections;
finished = 1;
total = total + itry;
break;
else
T = cool(T); % decrease T according to cooling schedule
if report==2, 1 output
fprintf(l,' T = %7.5f, loss = %10.5f\n',T,oldenergy);
end































Appendix E Introduction to CFD Analysis
E. 1 Introduction to single phase CFD
Consider the motion of a Newtonian fluid with constant properties under isothermal
conditions. The 3D Cartesian equations of flow for mass and momentum are:
Dp + v=
Dt Ox.Mass Continuity: Dt (1)
Dv, OP O(cxg )p - + +pg.
~Dt Ox. Ox.'Momentum: ' ' (2)
Similar to any thermal hydraulic method of analysis, closure laws are needed to be solved
in the above equations. Using the stress strain relation for a linear and isotropic response
of a viscous Newtonian fluid:
o-. = 2 S. + p ( + ' )
__ Oxvx. Ovx
&k jx &i(3
Where A follows the following relationship:
3
SB -3A. + 2u 0; u:- 0(4)
and using Stokes Hypothesis e.g. fiB= 0,
Ov. Ov. 2 Ov
o-.=p("' + ' ) -- ' p S.. *
Oxj Ox, 3 &k (5)
We arrive at the Navier Stokes Equation.
Dv. OP + a v. Ov- 2 Ovp 'P - -[( '+ , )--psq.. +Pg.Dt Ox, Ox1  Ox, Ox, 3 xk (6)
If we assume incompressible fluid, we assume that the density of the fluid particles go
through negligible changes. In this case any gradient terms of density goes to zero and
equation 1 and 2 reduces to the
Ov.
Si=0
Mass Continuity: ax1  (7.1)
Dv, OP a Bv.
pDt Ox' =(P p ()+7pg.
Navier Stokes: D x x , (7.2)
DT' 0 01T 0v DP
PC -- =--(k )+o-' + +q'"
Energy Transport: P Dt axJ axi axj Dt (7.3)
If we assume non-isothermal conditions, one of the most important approximations used
is the Boussinesq Approximation. Even though, the isothermal conditions is assumed, at
the boundaries there could be significant temperature changes and this approximation
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allows to extend the incompressible model with minimum added complexity to give
better results at the boundary. The density is represented by Boussinesq approximation
as:
p= po+ Ap= po[1-*(T 
-To)] (8)
Where the buoyancy force is introduced to the Navier Stokes Equation 7.2 as:
f = -p g, (T - T)(9
Traditionally, the equations of the momentum and energy of the flow (7.2) and (7.3) are
represented with the help of non-dimensional numbers. The non-dimensional numbers
typically determine what type of numerical scheme needs to be employed.
k.
'K (10.1)
Where k is the different variables of the Navier Stokes equation and K is the total fixed or
initial (reference) magnitude of those variables. For pressure, the kinetic pressure is used




The resulting equations from Navier Stokes equations 7.2 and 7.3 with non-dimensional
variables are:
N. Bj 1V2-' 1--
-=-lb+- 17v,+-g,; i=1,2,3
Dai, Re Fr (11.1)
B? 1 V2T
Dt Re Pr (11.2)
Where the three non-dimensional numbers Reynolds number (Re), Prandtl Number (Pr)
and Froude number (Fr) are represented by:
2
Re= pvL Pr= pP Fr= Vo
p. ;gL.
The assumption of invicid flows becomes valid for high Re numbers for the equation 11.
In case where Re number is very low, then there are many simplification that can be done
to the equation (e.g. Laminar flow). For the Fr number, if it is low then there could be
some problems with convergence.
Turbulence Modeling
RANS: Reynolds Average Navier Stokes
Using the Reynolds flow decomposition, any variable x can be expressed as: x = x +x'.
By applying this relation to the Navier Stokes (7.2) equation we arrive at:
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D i OP + a . 8)..
O' .i (12.1)
where '9 = uij , is the Reynolds Stress Tensor, representing the contribution of the
turbulent motion generated by velocity fluctuations to the mean stress tensor in the
momentum equations.
Applying same averaging method to the energy transport equation 7.3:
pc, - (k- - pcPu')
-t Ox, Ox, (12.2)
Where pc, u' is the turbulent heat flux. Therefore, we need closure laws for and
UiU (the turbulent kinetic energy), which is the basis of turbulence modeling.
In general, turbulence is characterized by length scale and time scale. The time-average
Turbulent Kinetic Energy:
k=0.5 * (13.1).
The general turbulent model can be described as the large eddies depositing energy to the
smaller eddies while the smaller eddies dissipate energy on to the structures. This
dissipation energy can be related to the energy transport equation by:
06 v 90' u
' Pr xk 8xk (13.2)
The Eddy Viscosity Model, developed by Boussinesq Hypothesis in which the Reynolds
stress is decomposed in isotropic and a perturb part, is just one of the method used to
model turbulence with 0 or 1 equation model.
The Eddy Difflusivity Model, in which the velocity-temperature correlation is made
proportional to the mean temperature gradient by using Ficks law:
u j' = -a 
.
O1 , (14)
Which is one of the most basic turbulence models.
Another basic turbulent model is the Prandltle and Wieghardt one-Equation Turbulence
Model, where the dissipating term is expressed as
6 =k 3 2 "0, (15)
So therefore, the relationship between dissipation and kinetic energy is assumed to be
known.
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The most popular turbulence model, the K- - turbulence model, models the eddy
viscosity in terms of length scale of the average eddies and its corresponding Reynolds
stresses:
v, = COk 2 /. (16)
This formulation can be then implemented to the momentum and energy RANS equations
which results into:
Dk 8 v 8k
=-( " )+P-s
Dt 8xj ak &j (17.1)
and
De 8 v a6 6 s2
-- -( 't )+C,,P C -C.2
Dt 8x a, 8x k k (17.2)
C Cinitially proposed by Launder & Spalding in 1974. In these equations .=0.09; sl
=1.44; CC2=1.92, U*= 1 and r= 1.3. The general equation and its constant are only
valid at high Reynolds number where wall effects and flow swirl is not significant. The
near wall treatment requires special wall functions which possess variety of different
forms.
Recently, in nuclear applications, the deficiency of the K- 6 formulation was observed.
To correct this deficiency and still be able to not resort to Direct Numerical Simulation










with A1 is computed from DNS. A quadratic model of the Reynolds stresses for the
turbulence tensor was also assumed by a non-linear quadradic models [1].
In addition, K-w Shear Stress Transport (SST) turbulence models are also widely
used. These models are characterized with better numerical stability and better
performance under high Re and compressible flows compare to K-E model, but it requires
an unstructured mesh. .
Large Eddy Simulation (LES)
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The large eddy simulation was used by Smagorinsky. So far, all the above
described models assumed time averaged variables. In LES, we have time dependent
solution in 3D, which still uses approximate wall functions on the boundary of embedded
geometry. LES is typically referred to as one level below DNS, in terms of resolution.
The weakness of LES, is that it requires very fine grid structure at the boundary of wall,
which makes it computationally expensive for large problems. In addition, it requires
low CFL numbers which increases convergence time and only valid at lower Reynolds
numbers than current BWRs and PWRs operate.
LES is based on a spatial filtering operation, which decomposes any flow variable X into
filtered (large Scale and resolved) part X and into a sub-filter (unresolved) part U'. The
filtered variable at location O is defined as:
U (F"0)= U(i, t) G(F7, F, A) dr(9 (19)
where G can be some sort of mathematical formulation for a filters such as a Fourier
cutoff filter, Gaussian filter or other filter functions [2].
A hybrid method of LES and RANS has been more recently proposed to be applied for
flows with high swirls [3]. The Very Large Eddy Simulation (VLES) takes advantage of
the larger mesh and speed of convergence of 2 equation models and at the same time
represents the larger eddies in the problem directly.
In TransAT, the simulation of a 1 cm in diameter bare rod (P/D of 1.33) with the
linear Ke, VLES and LES is performed and the relative wall sheer stress at the outlet of
the 1 m rod length at atmospheric conditions and 10,000 Re is shown in Figure E-1. As
seen, the linear Ke over estimates the shear stress range on the wall, similar to what was
observed in Figure 5-11. The VLES model corrects for this error and simulates a wall
sheer stress close to the LES simulation. It is noted that the LES and VLES simulation
are far more expensive than the steady RANS simulation and still impractical for purpose











0 10 20 30 40
Radial Position (Degrees)
Figure E-I The simulation of a 1 m bare cylindrical rod at atmospheric conditions and Re
number of 10,000.
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Appendix F Two-Phase Adiabatic Experiment
Objective
Previously, the single phase mixing and pressure drop experiments using Helically
Cruciform Fuel (HCF) rods and cylindrical rods were performed. Regarding to two phase flow,
a detailed outline of a CHF facility was constructed. It was determined that if water is to be used
as the working fluid of the experiment for a 3x3 array of HCF and cylindrical rods, the cost of
the facility will be $2 million. If refrigerants are to be used instead, the facility cost will be
reduced to $300,000, mainly due to the lower energy required to boil refrigerants [1]. The CHF
experiment alone will not give an insight in two phase flow characteristics of the HCF geometry.
Therefore, the possibility of performing air-water experiments to analyze the two phase flow
behavior in the existing HCF facility is considered. The objective of the experiment was to find:
e Air-water mixing at a subchannel level
e Void fraction and distribution
e Two Phase pressure drop
e Turbulent mixing coefficient as a function of flow regime
" Void drift
Introduction
There have been many studies such as Sterner and Lahey (1982), that showed the air-
water flow resembles same flow trends as the steam and water flow [2]. One of the most recent
works in rod bundle geometry for air-water experiments with the above mention objectives in
mind, were done by Sadatomi and Kawahara in mid 2000s [3].
The Sadatomi et al. test section was composed of 2 x 3 rods in the Figure F-I geometry
with its noted dimensions, similar to geometry of notable Rudzinski et al (1972) experiments
with air and water [4]. The rod dimensions are said to be larger than a typical BWR bundle outer
diameter of 1 cm, to have decrease in vibrations with larger diameter rods. But also according to
Sterner and Lahey, the rod diameter and pitch, typically needs to be twice that of a standard
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E 2B Rod pitch:
Sp = 20mm





Hydraulic [mm] 14.3 11.2 12.3diameter
Fiowarea [mnm] 194 1 38 941
Figure F-I The top view of the test section for Sadatomi et al. experimental facility [3].
In the Sadatomi et al. experiments, the subchannels were divided into different sections in
order to properly quantify mixing, as seen in Figure F-2. Figure F-2 also shows the experimental




Tracerma section (Acid orange Itwater soluion
LL anala e
11,Rainmtr 4. Srge tan 7. Mehering tank2J urbine fiow meter 5. Wet gasiflowrmeter 4. Gas chromatograph3.Separtr 6.ei $. Specrphleter
Figure F-2 The Sadatomi et al. (2004) test facility [4].
Description of the proposed facility
In order to analyze single phase turbulent mixing, typically tracers are used as referenced
in previous work by Dr. Conboy on single phase mixing quantification [1]. In the Sadatomi et al.
case, due to the presence of two phase flow, both liquid, in form of acid orange II water solution
and gas, in form of methane, were injected to one of the subchannels at an axial height in which
the subchannels do not communicate. Once in the mixing region where the flow in the
subchannels are connected to each other, the tracers mix and then both gas and liquid samples
are extracted at different axial section of the test section. Then, the gas extractions are inputted
into the gas chromatograph and the liquid extractions are inputted into the spectrophotometer.
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For full description of the method used by Sadatomi et al. to calculate the turbulent mixing
coefficient and relating that to a subchannel code, Kawahara et al, (200) can be referred [5].
Due to inaccuracies in the tracer technique, it was assumed that the gas volumetric flow
fraction of the axial flow and gas volumetric flow fraction of the lateral flow due to turbulent
mixing follow a fitted curve of the Rudzinski data. Furthermore, with the same experimental
setup, void drift [6] and pressure drop [4] tests were performed as well as the mixing test.
The simplicity of the Sadatomi et al. test facility makes it a prime candidate to base the
design of an air water test facility for the HCF rod bundle. The current facility lacks visibility
which is a requirement to visualize flow regimes and apply proper flow models in air water
testing. The current facility is also too small to accommodate air water at atmospheric pressures.





Assembly Size 4x4 4x4 cm
Assembly Box Length 6.15 12.3 cm
Hydraulic Diameter 0.76 0.43 cm
Rod Height 1.5 1.5-0.5 m
Assembly Flow Area 19.2 38.4 cm^2
Assembly Weted Perimeter 101 360 cm
Max Water Mass Flux 3500 1750 kg/m2s
Max Air Mass Flux -- 10.6* kg/m2s
*Only will cover bubbly-Slug flow regimes
Air
Figure F-3 Schematic of the proposed facility.
The new components needed for the proposed facility that are not part of our existing facility are:
Air Compressor, Conductivity probe, Gas Chromatography, Spectrophotometer, Metering Tank,




Clear Pressure Boundary (Plexiglas), Longer Test section, multiple pressure transducers at each
subchannel.
Some of the more expensive components such as the high speed camera and double
ended conductivity probe are available. However, the new facility requires larger rods and test
section estimating to about $10,000 judging from the previous experience for development of the
single phase facility. Also, the process of using a gas chromatography and a spectrophotometer
are difficult, time-consuming and produce large uncertainties in the measurement, if not taken
properly. The current air injection system is also not suitable for the annular flow regime. A
separate air compressor is needed for this task.
The LES simulation of a scale down Sadatomi experiment was also carried out to
determined how useful the proposed experimental facility in Figure F-3 can be in giving more
insight in HCF rod performance under two phase flow. As shown in Figure F-4, the time
resolved simulation of the experiment can give void fraction distribution and velocity profiles
that can be used to verify and create new two phase flow models for subchannel analysis codes
in context of HCF rods. Though, this scale down simulation that two 2 weeks on 12 processors,
so with for the real size HCF rod bundle the simulation time is expected to be on the order of 6




Figure F-4 The scaled down Sadatomi experiment (a) 3D void distribution and (b) 2D velocity
distribution (left) and outlet void distribution (right).
Void Distribution Measurement
While the flow regime can be visualized with a clear pressure boundary, the void
distribution cannot be visualized due to the HCF rod geometry blocking the radial view. To
perform this tasks several approaches can be taken, where the summary of these methods is listed
in Table 1 at the end of this section.
Intrusive Techniques
The first approach would be the use of local probes (needle probes), by detecting the
large difference in electrical conductivity of water and air. The tip diameter of the probes can be
as small as 1.5 um. We currently have a double ended conductivity probe, which is very
expensive ($15,000). The two tips can measure a time-of-flight of the bubble to determine the
bubble velocity. The tips are apart with a very small distance axially. The bubble will usually
reach both tips, since this axial distance is smaller than the bubble diameter. In order to avoid
any discretization errors of the velocity measurement, a high frequency signal is required. If a
two bubbles hit the two tips separately, then a logic is required to properly filter such and similar
unphysical velocity measurements out of the final output [7].
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The duel tip can cause significant errors, especially if the bubble flow direction is not
parallel with the probes relative positional axis. Multiple probe ends are used to reduce such
errors, though; they will become large in size. Another obvious limitation of the probes is that
they are not valid under annular flow regimes. While, the conductivity probes come with
accurate measurements, they are limited in terms rewetting of the tip. In another words, they
may fake a contact to the tip of the probe, where the liquid film is still exists. The other
limitation is that the probes could obstruct a channel in case of low channel flow area which is
true for our HCF test facility.
Another form of intrusive technique to measure the void fraction and distribution is the
use of wire mesh sensors, shown in Figure F-5. Wire meshing is able to give a detailed
measurement on bubble size and void fraction distribution. Though for large bubble diameters,
the wire mesh disrupting effects could be significant even with L/D of 60 [8]. The disturbance
caused by the sensors has been analyzed by high speed camera. An algorithm to effectively
reconstruct the shape of the bubble, which results in accurate void fraction data in bubbly flow
regime, was developed based on this analysis. These wire mesh sensors were used in the
TOPFLOW facility. The TOPFLOW facility consisted of pipes of diameters of 200 mm and 50
mm in diameter. Water was heated by a 4 MW heater, and then injected at 7 MPa with2 kg/s
steam flow rate and 50 kg/s maximum water flow rate. The wire meshes in this case had 3 mm
resolution for void fraction distribution measurement of the pipe [9]. Unfortunately for the case
of the HCF rods, they will get in the way of measurement and the resolution will be too low.
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A top view sectional view A - A
flange
Figure F-5. Wire mesh sensor with 16x16 measuring points for a tube of 51.2 mm diameter [8].
The final intrusive method discussed will be regarding the proper measurements in the
annular flow regimes. With annular flow regimes, one method is the use of liquid film sensors,
which is an array of electrode pairs mounted flush to the wall [10]. The current signal that flows
through these electrodes is proportional to the liquid film thickness. The film sensor has the
ability of measuring 20 um film thickness intervals for film thicknesses from 0 to 800 um, at
very high time resolutions. This method has been used to measure the annular film behavior
under effect of variety of spacer grid geometries. However, the liquid film sensors are limited to
curvatures of 10 mm and they need to be connected to external wiring in the tangential direction.
There will be large curvatures in the HCF geometry, therefore, this method will mostly likely not
be suitable.
Non-Intrusive Techniques
Tomography goal is to determine the distribution of a parameter that influences the
propagation of a field inside of an object by measuring its strength. There are many
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configurations and techniques that can be used in field of tomography. In field of two phase
flow tomography, the principle of tomography image reconstruction needs to be used. The early
uses that made two-phase flow visualization possible, consisted of a cone source with array of
detectors around the test section [11]. Later on, multiple x-ray source and multiple array of
detectors were used to obtain faster image [12]. The resolution of such devices are still limited
and only time averaged data can be obtained. In addition, using multiple sources, means more
components to be calibrated and since the beam path is no longer parallel if only one detector is
used, the image reconstruction process will be further complicated. Not to mention, the huge
capital costs on order of $300,000 and time consuming task of calibration [13].
To obtain faster frames per second image, electron beam tomography has been used [14].
The electrons were used to bombard tungsten target to generate x-rays. The detectors are placed
behind the test section, to detect the attenuated x-rays. The ability to bombard the tungsten target
by electrons at a very fast rate, allows for higher image resolution and somewhat time resolved
images. The drawback is the range of the x-rays, especially in presence of materials with high
atomic number. However, the thickness of the test subject is a limitation. Unfortunately for the
purpose of the HCF rods, the arrays size has to be larger in order to observe mixing in the
subchannels.
Positron emission tomography (PET), can also be used to obtained typical resolutions of
about 10 ns. Typically, an instable nucleus is injected to the test facility as a tracer, and the beta
decay of the nucleus results into emission of positrons where it will go through annihilation,
producing two gammas. The location of this annihilation can be found from the detected
gammas. Therefore, PET can give spatial reconstruction of the test section. A widely used
branch of PET is the Positron Emission Particle Tracking (PEPT), where high time resolution is
possible through one positron emitting particle [15]. The PET systems are costly for purpose of
large test sections.
Neutron imaging is also another method that can be use in the field of tomography.
Thermal neutron radiography has proven to be extremely powerful in case of annular flow
regime in small test section, as due to existence of water, thermal neutrons do not have the
required range [16]. Since neutrons are transparent through large metallic structures, neutron
radiography provides a huge advantage as constructing clear glass boundaries for high pressure
tests are not practical. Fast neutron radiography has been done and proven to be very power full
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as well. While thermal neutron tomography is limited to thin layers of water such as the case for
annular flow regimes, fast neutron tomography can be applied for any flow regimes. Given the
adequate source of neutrons, the fast neutron radiography can provide time resolved data for a
desired geometry [13]. However, due to the political climate especially in US, this is not possible
for our experiment.
A non-intrusive method to measure annular flow regime that has been recently used, is
the use of ultrasonic waves for small pipes. The ultrasonic pulse wave from a transducer reflects
at the outer boundaries between different materials (pipe cladding, liquid and gas), and based on
the time-of-flight, the liquid film is calculated [17]. Another recent method for annular flow
regime used cyclone to separate the liquid and gas phases in a 4 x 1 row of cylindrical
subchannels by extraction of part of the flow through a porous media. The data was used to
calculate the gas and liquid fractions available in the subchannels. Separator posts were
connected to the pressure tapings around the test section for measurement of pressure drop [18].
These methods are relatively cheaper than the other methods described so far. While they do
have limitation on size, the applicability of a single channel annular flow regime needs to be
computational assessed before one of these methods are to be pursued.
Finally, the CREARE developed a new non-intrusive void fraction measurement, based
on capacitors. Since, the conductivity probes only worked with fluids of conductivity, so this
approach is mostly meant for multi phase flow in non-conducting media. This technique can
detect all flow regimes and give a global void fraction data [19]. The advantage of this technique
is that it is very cheap, but it has many disadvantages such as, requiring non-conductive media
and gives no local void fraction distribution measurement in the subchannels.
Table F-I The variety of different techniques for Void Fraction Measurement
Techniques Examples dvantages Umitation
Holography, Particle Very high resolution (7 um at 30
Optical Sizing imaging velocimetry nsec). Allows measurement of Only Suitable for droplet and low gas flow
Techniques and sizing bubble velocity (below 10%) experiments
Electrical and High time resolution for phase The bubble deformation and deflection due to
optical needle Double/Quad Ended detection. Can give gas distribution existence of the probe and quantification of
Probes Probes with high accuracy in Slug flow experimental uncertainty.
Rdiometric
Tomography Gamma, Neutron, Xray High resolution and non-intrusive. Expensive and ineffective during transients
Proposed for Crude Oil
in 1987- can achieve High Resolution and low Cost, gives Intrusive, it is still not possible to measure the
Wire-mesh 1200 frame/s bubble size, shape and distribution local gas velocity with high certainty
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Conclusion and Future Work
The HCF rods provide many challenges for experimental analysis in two phase flow. There are
two main features of the HCF design that makes them far more difficult to analyze than the
cylindrical rods:
* The need to have larger number of HCF rods to have a test facility for mixing
* The HCF rods are very close gap to each other which blocks the lateral view of the
central subchannels
In order to make the first point less challenging, computation models of the HCF rods could tell
us the minimum size that will still conserve most of the physics of flow in HCF geometry. Due
to limitations of ID lumped thermal hydraulic models and codes, the Computational Fluid
Dynamics (CFD) will be utilized. The benchmarking of the current single phase experimental
results in CFD for the cylindrical and the HCF rods has already been undertaken and can be
found the preliminary results can found in the appendix.
If a CFD model of the two phase air water mixing is benchmarked vs. experimental data for
cylindrical rods, perhaps the single phase benchmarked model of the HCF rod can be
extrapolated and give us reasonable results for HCF mixing mechanism in two phase flow. It is
also noted that perhaps one of the most important phenomena to be understood is the HCF
performance under annular flow regime, as the liquid layer on the HCF cladding could be
displaced from the rods due to the circulatory force of the twists on the flow. This is troubling as
this force might actually worsen the CPR margin as suppose to increasing it. Therefore, CFD
model can help us to design a more simplified experiment for the annular flow regime section.
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